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ABSTRACT 
Plasma electrolytic oxidation (PEO) is a relatively novel surface modification technique 
that provides excellent wear- and corrosion-resistant coatings on light-weight metals, in 
particular on aluminium. Formation of PEO coatings involves complex processes and 
mechanisms that are difficult to study. In this work, a new method of in-situ impedance 
spectroscopy is used to provide new insights into fundamental characteristics of PEO 
processes and coating formation mechanisms as well as to develop new means of process 
control.  
This method is based on application of a variable frequency voltage perturbation signal 
to obtain impedance characteristics of the electrolyser during the PEO processing. The 
applied voltage signal and the current response are collected and post-processed to verify the 
system linearity, refine phase, reduce noise and spline the impedance spectra. The obtained 
spectra are then fitted with appropriate equivalent circuits to reveal mechanisms underlying 
the PEO process. Physical meaning of various circuit components is verified using specially 
designed experiments in which certain system characteristics are set up in such way to obtain 
controllable processing conditions, such as electric field distribution in the electrolyser, 
electrolyte resistance or coating thickness. The circuit analysis reveals specific RC and RL 
loops that can be related to individual processes associated with interfacial charge transfer 
and transport phenomena. Characteristic time constants corresponding to these processes are 
evaluated and their evolution with PEO treatment time is considered. Correlations of the 
process kinetics with phenomena observed during the PEO treatment of Al and coating 
growth characteristics are discussed. 
Several experiments involving complimentary methods and devices are also designed 
and carried out to assist the main method in investigation of the PEO processes. COMSOL 
Multiphisics software package is used for modelling the distribution of electric field and 
electrolyte resistance in the electrolyser; ex-situ EIS analysis- for impedance spectra 
comparison with ISIS results; fractal analysis- for studying the effects of coating morphology 
on impedance spectra; specialized imaging multi-channel (SIM) framing camera- for 
real-time observation of discharge events; and FFT analysis of high-resolution current 
signals- for studying the information on individual discharge events. Based on these studies, 
the characteristics of PEO process are discussed from different aspects and these better 
understanding is eventually achieved.  
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Chapter 1 
Introduction 
In recent years, the application of metallic materials has shifted towards lightweight and 
functional metals, which have greater commercial value. For this reason, research and 
development on different kinds of functional materials based on lightweight metals becomes 
one of the key objectives in industry and academia.  
Plasma Electrolytic Oxidation (PEO) is applied to many lightweight metals such as 
aluminum, magnesium, titanium, zirconium, to generate oxide ceramic coatings. The PEO 
process is prominent for its ability to obtain high quality coatings with excellent corrosion 
and wear resistance as well as good electrical, mechanical and thermophysical properties and 
good adhesion to the substrate. These coatings are of particular interest for key manufacturing 
sectors, including aerospace, biomedical, optoelectronic and energy devices and plant.   
Compared to vacuum based plasma-assisted coating processes, the PEO process is 
preferred for its capability to provide non-line-of-sight treatment and an atmospheric pressure 
processing environment. However, PEO is a complex process which includes chemical, 
electrochemical, and plasma-chemical aspects that influence heat, mass and charge transfers. 
It is necessary to understand the characteristic associated phenomena and mechanisms of 
PEO coating formation well enough to attain adequate means of process control and improve 
coating quality.    
1.1 PEO background and history 
Plasma electrolytic oxidation is a process of plasma assisted electrochemical treatment 
of valve metals (Mg, Al, Ti, Zr, Nb, Hf, Ta, etc.) to obtain high quality (thick, hard and have 
good corrosion- and wear- resistance) oxide ceramic layers. It is a relatively new coating 
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technology [1,2], the development of which started less than 30 years ago. Within the PEO 
history, the phenomenon of a "spark discharge" had been first discovered by Sluginov [3], 
who looked into the behavior of metal electrodes in aqueous electrolytes under high voltages 
in the 1880s. Fifty years later, a more detailed research in this topic was carried on by 
Günterschultze and Betz [3]. The first application of the spark discharge for deposition was 
reported by McNiell and Nordbloom [4,5] in 1960s, who deposited cadmiun niobate on a 
cadmium electrode (anode) from the niobate electrolyte by using a spark discharge method. 
In the 1970s, Makov et al. used an arc discharge to deposit anodic oxide coatings on 
aluminum, and then improved the technique by increasing the voltage to achieve enough 
energy for producing plasma channels in the initial passive layer. He termed the spark 
discharge anodising as 'Micro-arc oxidation' [6]. From 1980s, more academics studied the 
PEO technique on various light metals in Russia and Germany [7,8]. In USA and China, 
researchers have also started to be involved in this subject around 1990s [9-12], However, 
after reviewing literature from Russia, Germany and USA, those developments seems to have 
been done independently without any knowedge exchange at that period.      
In 1999, Yerokhin et al. presented a review of electrolytic plasma processing as an 
emerging surface engineering technology [1], including various plasma electrolytic 
deposition (PED) methods. Two types of PED process are now been studied: PES (Plasma 
electrolytic saturation), PEO (Plasma electrolytic oxidation).  
In essence, the PES process utilizes a high voltage applied to the electrolytic cell to 
cause the metal surface to be saturated with ions, this technique is developed based on the 
mechanisms of heating in electrolytic plasmas, which results in activation of thermal 
diffusion. Depending on diffusing ions, PES can be categorised into PEC (Plasma electrolytic 
carburizing) [13], PEN (Plasma electrolytic nitriding) [14] and PEB (Plasma electrolytic 
boriding) [15], and their combinations.  
PEO utilises a high potential difference between the anodic workpiece and an 
auxiliary/counter electrode in the electrolyte to grow surface oxide films. With voltage 
increasing, the current density rises causing such phenomena as rapid sparking and micro-arc 
discharging to appear at the surface of the metal workpiece, which affects the oxide film 
formation. 
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1.2 PEO treatment 
PEO is a surface treatment technology developed based on the conventional anodising 
process and can be applied to several metals and alloys, including aluminium, titanium, 
magnesium, zirconium, and niobium. PEO is also known as Micro-arc Oxidation (MAO), 
Micro Plasma Oxidation (MPO), Anodic Spark Deposition (ASD), Spark Discharge 
Oxidation, Anodischen Oxidation under Funkenentladung (ANOF), and Spark Anodising. In 
contrast with conventional anodic oxide films, PEO coatings develop a two-layered 
morphology, with an amorphous outer layer with a coarse, porous morphology and an inner 
crystalline layer with numerous fine pores. The cavities are due to the generation of oxygen 
that may be associated with the crystallisation of amorphous component in the inner layer 
[16].  
 
Fig. 1.1 Discharge phenomena during the PEO process (6×25×12 mm) 
 
 
 
 
 
Fig. 1.2 Schematic of the PEO coating morphology 
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Fig. 1.3 Basic layout and electrode reactions for a typical electrolytic oxidation process 
Four different stages of the PEO processes have been identified based on the phenomena 
occurring, characterised by various rates of the partial electrode processes. Overall current 
efficiency of the oxide film formation has been estimated to be in the range of 10 to 30% [17]. 
The overall rate of oxygen liberation at the anode exceeds the Faraday yield, which is 
probably due to the radiolytic effect of the plasma discharge (Fig. 1.4) on the adjacent 
electrolyte volume. 
 
Fig. 1.4 Probable chemical reactions leading to oxygen liberation 
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Figure 1.5 shows a typical example of linear approximations of voltage transients in the 
four regions [1, 17], which can be characterised as follows. Region (I) exhibits the maximum 
voltage growth rate, corresponding to a conventional metal anodising process. In region (II), 
it slows down, indicating a decrease in the oxide film growth rate; oxygen bubbles first 
appear on the sample surface in this region. In region (III), the rate of voltage increase rises 
again; this usually corresponds to oxide recrystallisation and defect formation in the film 
structure. Region (IV) begins with intensive oxygen evolution, which creates suitable 
conditions for the onset of plasma microdischarge phenomena at the sample surface. The 
process becomes more steady-state, with the only changes observed in the discharge 
appearance which progresses gradually from a dense population of small and frequent 
microdischarges towards a smaller population of larger and longer-lived discharge events. 
The threshold voltage at which the plateau in region (IV) is entered decreases with increasing 
electrolyte concentration. In region (V), arc micro-discharges occurring throughout the film 
surface penetrate through to the substrate and transform into powerful arcs that may cause 
destructive effects such as thermal cracking of the film. 
Comparing between conventional anodising and the PEO process [1], because of the 
participation of plasma phenomena, the principal physical-chemical process occurring in 
conventional electrolysis is much different from those in plasma electrolysis, which include 
heat treatment, melting, welding, soldering, etching, polishing, diffusion depletion and 
deposition at the electrode surface during PEO process.  
Plasma chemical reactions, that usually occur around the area of gas accumulation on 
the surface of the oxide film, proceed in two steps as ionisation and condensation. In the 
ionisation step, thermal or impact ionisation occurs in the discharge region to dissociate 
molecules and produce free electrons. When plasma is formed across the discharge channel, 
high pressure and temperature are generated by electron avalanches in a very short period of 
time (less than 10-6 s). Under the high temperature, a portion of the metal matrix and alloying 
elements is melted out of the substrate, enters the discharge channel and gets oxidized. At the 
same time, the strong electric field in the discharge channel separates the negatively charged 
ions, then the positive ions that are released in to the electrolyte, whereas the negative ions 
join the interactions on the electrode surface. In the second step, condensation, the 
temperature drops sharply developing cooling rates as high as 108K/s. The compounds 
produced from the plasma are condensed forming high temperature phases, supersaturated 
solid solutions, nonequilibrium compounds [1], and the oxides such as TiO2, MgO and Al2O3 
are produced on the surface of the working electrode. These ceramic coatings provide 
different properties from the conventional anodising method, and will be discussed in the 
following sections.         
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Fig. 1.5 Voltage-time diagram for the process of plasma electrolysis oxidation 
1.3 PEO coating properties  
Ceramic coatings produced by PEO treatment provide several benefits that are of 
particular interest for researchers and industry including [18]: (a) the PEO coatings are 
formed directly by oxidation of the metal and therefore are bound tightly with the substrate 
without any debonding; (b) PEO process is capable of non-line-of-sight treatment, which 
means one can form coatings on multiple sides of samples or even on substrates with 
complex geometry. (c) PEO treatment provides high coating growth rates and the typically 
treatment times are less than 60 minutes, to produce coating thicknesses of up to several 
hundreds of micrometers [19]; (d) PEO treatment provides excellent coating properties, 
including high surface hardness, corrosion and wear resistances, as well as dielectric strength.  
Beside the aforementioned properties, PEO coatings are formed with pores, which size 
and population that are much higher than in PVD coatings. By selecting different treatment 
parameters, such as composition of electrolyte and treatment regime, the porosity and pores 
size can be controlled. This property can be desirable, e.g. in biomaterial applications of 
titanium and magnesium oxides. Last but not least, it is important that compared with other 
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surface treatment methods, the technological procedure of PEO treatment is much more 
simple as the process is carried out under atmospheric pressure. PEO treatments have less 
water consumption, emit less effluent and involve solutions which do not include the harmful 
substances, such as Pb, Hg, Cd, and Cr. Due to the above characteristics, the PEO treatment 
method is likely to be more widely applied.  
1.4 PEO coating applications 
Recently, PEO coated products have been applied in various industrial sectors, such as 
machine tools, aerospace, biomedical, optoelectronic, engineering equipment, and energy 
devices and plants. PEO coated products and related technologies are now developed in 
several companies and countries e.g. Keronite in UK, Tagnite and CeraFuse in USA, 
Machaon in Russia, and Maxgoxid-Coat in Germany. PEO treatments of aluminum, 
magnesium and titanium are increasingly used, as shown in the following. 
PEO alumina is the common ceramic material and widely used in different areas, and is 
especially employed to withstand mechanical stress, corrosion, and high temperature. The Al 
ceramic coating made by PEO can be applied in different areas as in machine building, textile 
machine components, engine manufacturing, pumps, oil, gas and chemical plant. In 
automobile, it is applied for the cylinder blocks, piston and spark plug [20]. Recently, the 
PEO technique was used to treat the surfaces of mobile phone cases [21].     
Magnesium provides good properties, such as low density, high specific strength, and 
electromagnetic shielding, and is applied in aerospace, communication and automotive 
industries. In the past decades, PEO treatment of magnesium has become popular in 
biomaterial applications as ligature wires, vessel anastomosis connectors, aneurysm treatment 
wires, artificial joints, etc.[22] because of good coating corrosion resistance and mechanical 
properties [23,24].  
PEO treatment of titanium has similar applications as for aluminum and magnesium. 
Moreover, TiO2 was found to possess excellent biocompatibility, and the porous morphology 
is beneficial for cell adhesion [25]. Recently, titania thin films have been demonstrated to 
have photocatalytic properties. In 1991, Gratzel et al. developed a new type of solar cell 
called the dye-sensitized TiO2 solar cell [26], which used nano-scale TiO2 powder to produce 
photoelectrode with high specific surface area. After dye-sensitized treatment, it can absorb 
light from visible part of the spectrum. TiO2 coatings produced by the PEO technique were 
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recently studied to improve photovoltaic efficiency of the dye-sensitized components [27]. 
1.5 Research aims 
In this study, new insights into coating formation mechanisms and methods of process 
control will be attained using in-situ impedance spectroscopy which is an emerging 
characterisation and diagnostic tool to study time-variable and non-linear processes, and is 
suitable to study the PEO process. To achieve the process control to improve coating quality, 
the following experiments were designed to investigate different characteristics.   
First of all, it is noticed that strong electric fields have significant effects on 
characteristics of impedance spectra. To comprehend the effects of electric field distribution 
in the electrolyte, PEO processes were studied in equidistant and non-equidistant cell 
geometries. 
Secondly, it is known that the electrolyte solution is one of the main factors influencing 
kinetics of the coating growth, its structure and properties. In-situ impedance spectroscopy 
was used to acquire fundamental characteristics of PEO processing of Al carried out in 
electrolytes with different conductivities and temperatures. 
Thirdly, effects associated with non-uniform distribution of electric field and current 
density, variable coating thickness, topology or composition were modeled by constant phase 
elements (CPE). In this work, the effects of coating morphology on in-situ impedance spectra 
of the PEO process on Al were studied using a fractal approach. The fractal analysis is a 
useful method to investigate the properties of heterogeneous (e.g. rough, porous or 
multiphase) materials, which can provide a direct link to the CPE characteristics. 
In the last part, the behavior of discharge events were investigated, which is a main 
effect on coating formation. Fast video imaging method was used to analyse the 
characteristics (intensity, size, duration and trajectory) of discharge events. A dual-channel 
digitalizer was used for the current transient study. The results of the study were assisted with 
in-situ impedance spectroscopy for better understanding of PEO process. 
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1.6 Thesis overview 
Chapter 2 presents an overview of PEO processes and associated mechanisms, 
including the composition and morphology of PEO coatings, electrolyte composition, effects 
of power supply by using different current modes, plasma discharge phenomena, chemical 
reactions during the PEO process, and the dielectric breakdown phenomena. 
Chapter 3 describes methodological approaches for PEO process modeling and deals 
with the experimental equipment and methods for studying coating methodologies, which 
leads to the introduction of the frequency response method, frequency sweep set-up for 
in-situ electrochemical impedance spectroscopy and the input power supply as well as 
providing an the introduction into the fundamentals and applications of electrochemical 
impedance spectroscopy. It also introduces the modeling software COMSOL-Mutiphysics 
package which was used to study the distribution of electric field and the new research 
method of in-situ impedance spectroscopy with corresponding data processing method, which 
is the main method for understanding of the PEO process. The last part of this chapter 
introduces the sample preparation and the SEM image analysis for coating morphology study. 
Chapter 4 presents the results of experiments investigating electric field distribution 
effects on the PEO process. Three different shapes of working and counter electrode were 
chosen to present converging, parallel and diverging types of electric field. Equidistant and 
non-equidistant electrode arrangements were also studied for all types of electric field. 
COMSOL software was chosen to model the electric field distribution and measure the net 
resistance of the electrolyte. This chapter also discusses the impedance behavior of the PEO 
process revealed by in-situ electrochemical impedance spectroscopy. Both complex and Bode 
plots are studied in detail to understand the physical meaning of equivalent circuit elements 
and the chemical reactions during PEO process. The coating morphology both in the surface 
plane and on the cross-section are used to study the correlation between coating structure and 
the characteristics of the equivalent circuit. 
Chapter 5 presents the results of the investigations on the effects of electrolyte 
characteristics on PEO of Al. Three main parameters were varied in this part of the study, 
namely temperature and conductivity of electrolyte as well as the different preformed coating 
thickness. Both in-situ and ex-situ electrochemical impedance spectroscopy are used here to 
reveal the plasma discharge effects.  
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Chapter 6 discusses the distribution behavior of electric field effects by using the CPE 
element from the fitting results of equivalent circuits of the PEO process and the data from 
the fractal analysis of coating morphology. On the other hand, the correlation between CPE 
elements/ fractal dimensions and coating morphology characteristics is also investigated.  
Chapter 7 discusses the behavior of discharge events. In this work, a specialised image 
camera was used to observe the behavior the discharge events. The ultra-high speed images 
were analysed by specific discharge analysis program and 3D plots to investigate the 
characteristics of discharges such as duration, peak intensity, FWHM, trajectory, and the 
relative peak current density in the different conditions, such as applied voltage, varied 
exposure time, and at different time stages of PEO process. The results of the FWHM and 
trajectory of discharges from the above were correlation with the surface morphology.     
Chapter 8 summarises the main conclusions derived based on results and discussion in 
this work, and provides the outlook for further researches. 
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Chapter 2 
Overview of Plasma Electrolytic 
Oxidation Processes and Associated 
Mechanisms 
 
In this chapter the processes taking place during the PEO treatment and underlying 
mechanisms undergo a detailed overview and categorisation as outlined in the following 
sections. Firstly, formation of composition and morphology in PEO coatings on different 
substrates is related to the coating properties. Secondly, electrolyte composition is discussed 
as one of the main parameters affecting the coating composition. A plasma discharge is the 
main phenomenon that differentiates the PEO treatment from conventional anodizing and 
also affects coating phase composition; so the behaviour and characteristics of discharge 
events is discussed next. Chemical reactions that occur during plasma electrolysis are 
significantly different from those taking place during conventional low-voltage electrolysis 
[1]. The breakdown phenomena play an important role in the coating formation, influencing 
its morphology and the plasma composition. These phenomena occur during PEO process, 
and the relevant information is finally overviewed. This analysis is essential for identifying 
the knowledge gaps in the current understanding of the PEO process and may be helpful in 
providing a better understanding of the mechanisms underlying the coating formation during 
PEO treatment.   
2.1 Composition and morphology of PEO coatings 
As follows from the previous chapter, the PEO technique is now receiving increasing 
attention as an important method of surface treatment because of superior coating properties. 
These properties are mainly influenced by the coating composition and morphology. 
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Therefore, these characteristics of PEO coatings are overviewed in this section. 
This work is focused primarily on PEO treatments of Al because of it is one of the most 
widely used materials in both industry and consumer products. It is known as the second most 
abundant metallic element on the Earth. Aluminum is economical and widely used in 
machinery, transportation, packaging, construction, engineering equipment, especially for 
applications in energy devices and plants, because of light weight, manufacturability, high 
corrosion resistance, physical and mechanical properties [28]. From the environmental 
protection point of view, aluminum is 100% recyclable material, and to produce it from scrap 
requires 95% less energy compared to production of primary aluminium [29]. Only 26 kJ is 
required to melt 1 mol of metallic aluminum [30]. From European experience, the highest 
recycling rates of aluminum are about 42% in beverage cans, 85% in construction materials 
and 95% in transport vehicles [31]. 
Aluminum is a silvery white material with characteristics of lightweight, ductility, 
fatigue strength (aluminum alloys), heat tolerance and high thermal and 
electrical conductivity. It is also well known as a metal with ability to resist corrosion due to 
the passivation by the surface oxide layer (Al2O3). During recent decades, fabrication and 
application of aluminum oxide layers has been extensively studied. 
Alumina is the main constituent of oxide coatings produced by the PEO treatment of 
aluminum substrates. It is a typical ceramic material, which was first applied as an insulator 
of spark plug in Germany 1931. Since then, alumina became one of the most significant 
materials and the most widely used oxide ceramic [32], because of the advantageous 
combination of high strength, hardness, heat tolerance, electrical insulation, corrosion and 
wear resistance. Alumina ceramics typically contain 85 to >99% Al2O3. There are several 
crystal types of aluminum oxide : α-, β-, γ-, θ-, δ-, and κ- Al2O3, of which α- and γ-Al2O3 are 
the main structural constituents of PEO coatings. Three most common types of alumina (α-, 
β-, γ- Al2O3) are introduced below. 
Alpha alumina is a well known structural and engineering ceramic, wherein 
a high-purity α-Al2O3 is used as the raw material to produce artificial corundum, ruby and 
synthetic sapphire. Alpha alumina provides the highest stability and a dense structure due to 
the hexagonal close packed structure [33-35], in which Al3+ is distributed symmetrically 
around the octahedral interstices in the array of oxygen atoms (figure 2.1). Therefore α-Al2O3 
has high lattice energy, melting and boiling points. Also, α-Al2O3 is not dissolved in water, 
alkaline or acidic solutions, which is beneficial for applications in refractory crucibles, tubes, 
firebricks, flame retardants and abrasives. Alpha alumina is the most stable phase with higher 
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critical free energy of nucleation △Gα, at which the metastable phases, e.g. γ-Al2O3 and 
θ-Al2O3 are transformed to α-Al2O3 when the temperature increases high enough (over 
800℃)[36].  
 
Fig. 2.1 Hexagonal close packed structure of α-Al2O3 (Corundum) [35] 
Beta alumina [33] is not a pure alumina crystal, the chemical composition can be 
presented as MeO•6Al2O3 (Me: Ca, Ba, Sr, etc.) or Me2O•11Al2O3 (Me2: Na2, K2, Li2, etc.), 
it is a kind of aluminate compound with high content of Al2O3. In the case of the β-Al2O3 
structure and composition, it possesses significant ionic conductivity and relaxation 
polarization; hence it is not suitable for structural ceramic applications. However, β-Al2O3 
can be transformed to α-Al2O3 by heating up over 1000 ℃.  
Gamma alumina is one of the metastable oxide phases, and is the intermediate product 
of dehydration from aluminum hydroxide formed at relatively low temperatures e.g. 
140~150℃. It has a face-centered cubic structure and Al3+ are irregularly distributed in the 
voids of octahedral and tetrahedral sites surrounded by oxygen atoms. It features relatively 
high lattice constant and low density; therefore it can be used as a sorbent with great activity, 
strong adsorption capacity and large surface area. Usually, γ-Al2O3 rather than α-Al2O3 is 
formed from liquid droplets at considerable overcooling by homogeneous nucleation during 
solidification, because of the lower critical free energy for nucleation and a higher cooling 
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rate promoting formation of solid oxide phases with closely packed rather than hexagonal 
structures [37,crys38]. When temperature reaches 1200℃, γ-Al2O3 can be fully transferred 
to α-Al2O3. Physical properties of α-Al2O3, and γ-Al2O3 are summarised in Table. 2.2.  
 Phase composition of PEO coatings is commonly identified by X-ray diffraction (XRD). 
Typical results of XRD analysis of PEO coatings with different thickness are shown in figure 
2.2 [45]. It was found that α-Al2O3 formed larger crystals of the size in the range of 20 to 50 
nm whereas 10-30 nm crystalline size was determined for γ-Al2O3. The properties of PEO 
coatings were related to the coating morphology, deposition and relative contents of α-Al2O3 
and γ-Al2O3 phases (Cα and Cγ).  
 
 
Table 2.1. Physical and mechanical properties of high-purity alumina ceramics [33,35]  
Physical & Mechanical property value Physical & Mechanical property value 
Density [g•cm-3] at 20℃ 3.96 Mohs hardness at 20℃ 9...14 
Melting point [℃] 2050 Heat conductivity [W•m-1•K-1] 9.5 
Elastic modulus [GPa] at 20℃ 375 Flexural strength [>MPa] at 20℃ 410 
Tensile strength [MPa] at 20℃ 220   
 
Table 2.2. Main crystallographic characteristics and physical properties of α-Al2O3, and 
γ-Al2O3  polymorphs [33] 
 
Crystal 
system 
Lattice constant [nm] 
Density [g•cm-3] 
Volume resistivity [ρν/Ω•m] 
a c 20 ℃ 100℃ 
α-Al2O3 hexagonal 0.4741 1.296 3.95~4.1 1014 - 
γ-Al2O3 cubic 0.7895 ˗ 3.42~3.62 - 75×1010 
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Fig. 2.2 XRD patterns (Cu radiation) presenting the phase composition of PEO coatings with 
different thickness formed on Al substrate [45].  
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Studies of the cross-sectional structure of PEO coatings formed on Al, typically show 
two distinct regions, i.e. an outer porous layer and an inner dense layer presented in figure 2.3. 
In some papers, these are termed as 'outer technological layer' and 'inner functional layer' [2] 
or 'loose layer' and 'compact layer' [39], respectively. The outer porous region consists mainly 
of lower temperature X-ray amorphous phase, and the inner dense one consists of higher 
temperature alumina modifications. It is because that a higher relative content of γ-Al2O3 
phase is distributed in the outer porous layer and the high temperature α-Al2O3 phase is 
predominantly formed in the dense inner layer. The XRD spectra were used to show that near 
the coating surface, the ratio between gamma (Cγ) and alpha (Cα) phase component is 
around 11:3. The contents of both phases were around 50wt% in the inner layers [2,11,39]. W. 
Xue et al [39] reported the distribution of alpha phase along the depth of the PEO coating as 
shown in figure 2.4. It presents clearly the trend of Cα to increase when moving away from 
the surface. However, an interesting phenomenon appears in the region near to the 
coating/substrate interface, where Cα decreases again. In this adjacent to the interface region, 
complex phases were observed formed by the substrate alloying elements. The average 
hardness of the outer porous layer is around 14 GPa, which is lower than the dense layer (~18 
GPa). Moreover, the hardness of each constituent has also been measured at 26, 17 and 7 GPa 
for α-Al2O3, γ-Al2O3 and amorphous alumina, respectively [39-43]. The average elastic 
modulus (measured by nanoindentation) also has higher values of 350-400 GPa in the inner 
dense layer, and around 250-350 GPa in the porous layer. The difference of H/E ratio between 
dense layer (0.048) and porous layer (0.047) is not significant. 
The coating cross-section also reveals a morphology featuring roughness, microcracks 
and pores. High roughness is one of characteristic features of PEO coatings compared with 
PVD and CVD coatings. It has been reported that the surface roughness increases with 
increasing coating thickness [44]. Microcracks are the distinctive characteristics of the 
coatings affecting their properties, e.g. hardness, elastic modulus and corrosion resistance. 
From the SEM images, it can be observed that the microcraks are usually present around the 
pores. The formation of microcracks in PEO coatings is due to the intensive thermal stresses 
that are caused by high temperature gradients between hot molten parts of the coating and 
cold electrolytic solution [45]. However, the presence of microcrack networks helps reduce 
both the stiffness of PEO coatings and the misfit strain caused by temperature changes. It is 
also manifested that the stress relaxation is caused by microcracks formation process 
[40,46,47].  
Porosity is another important characteristic of the coating morphology. It is believed that 
the pores arise from the oxygen evolution during the PEO process as shown in figure 2.5. 
[48,79]. Porosity and pore size can affect the coating properties, such as thermal and 
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corrosion resistance; it is also an important means to reduce high temperature and pressures 
during crystallisation of the coating material and the surface layer growth affected by oxygen 
dissolved in the molten oxide. Curran and Clyne also reported another probability to produce 
pore-like defects, due to the substrate dissolution [48]. Currently, the pores of PEO coatings 
are considered to have a useful function for application in biomaterials based on Ti and Mg 
alloy substrates, wherein porosity promotes cell adhesion to the surface. In another PEO 
application for dye-sensitized solar cells, high porosity and large pore size can also be a 
positive factor, as the formation of pores causes an increase in surface roughness and specific 
surface area that facilitate light absorption. From the SEM image (figure 2.3), it can be 
observed that the high coating porosity is achieved by superposition of different pore size 
around 10 μm and less than 3 μm. Similar to the work by Khan et al. [48], the large pores are 
distributed near the surface, whereas the small pores are located inside the large ones. 
 Surface morphology also bears some information indicative of the physical 
mechanisms operating during the coating formation. From figure 2.6, the volcano-like or so 
called "pancake" structures with craters located in the centre are dispersed over the surface. 
The physical mechanism responsible for the development of such a structure is conjectured to 
be the occurrence of discharge events, and the sink-holes (pipes) of craters are located at the 
relatively weak spots, where the discharges penetrates through the entire coating thickness. 
After the discharge is extinguished, the coating is reformed, with molten material solidified in 
the form of volcano-like eruption features. This produces craters with deep central shrinkage 
holes, while solidification of molten pools also forms brittle material on the periphery. This 
can also explain the formation of microcrack networks radially oriented around the craters 
[11,19,47,49]. Moreover, several structures of irregular shape can be observed near the 
volcano-like features that appear to have been formed when liquid globules had been ejected 
from the discharge channels. 
The SEM image analysis of both surface and cross-section morphologies can help  
understanding the characteristics of PEO coatings. However, the coating morphology may be 
affected by several process parameters such as electrolyte composition, applied current mode  
and characteristics of discharge. The significance of these parameters has been noted and 
corresponding effects investigated thoroughly, with main results discussed in the following 
sections.   
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Fig. 2.3 SEM micrograph of cross-section morphology of a PEO coating on Al substrate. 
 
Fig. 2.4 Typical distribution of α-Al2O3 across the thickness of PEO coating [39]. 
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Fig. 2.5 Schematic diagram of pore formation in the PEO coating by bubble implosion [79]. 
 
Fig. 2.6 SEM micrograph of PEO coating surface morphology on Al substrate. 
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2.2 Effects of electrolyte composition   
The electrolyte is one of the main factors influencing the PEO process, coating 
formation and composition. As many authors noticed [1,50,51], the efficiency of the PEO 
process is affected by the electrolyte characteristics, such as concentration, pH, presence of 
activating anions and agitation conditions. It is believed that the main effect is on the 
efficiency of oxide formation due to the change of current density/impedance, 
sparking activity, chemical reaction rate, and thermodynamic equilibrium. 
Two main types of constituents typically make up electrolytes for PEO of Al. Firstly, 
weak alkaline solutions are used to produce low conductivity electrolytes that could cause 
high ohmic drops, hence higher voltage can be easier to achieve for the required current 
density and discharge phenomena can easily commence. Secondly, different additives of 
passivating agents can be introduced depending on the coating formation/morphology 
required. The passivating agents are important ingredients influencing the coating 
morphology, composition and growth rate [1,52,53]. The common additives widely used in 
PEO process are silicates, phosphates, aluminates, etc. The choice of the electrolyte depends 
on required coating morphology and composition. 
In the review of plasma electrolysis for surface engineering, Yerokhin et al. [1] reported 
that electrolyte selection for PEO requires careful matching of the metal-electrolyte 
combination. In particular for the PEO process, it is necessary to ensure the metal passivation 
which can be determined based on the polarisation test data. The following six groups of 
additives can be identified and their utility for the PEO process is discussed [1]: 
1. Additives that provide fast dissolution of aluminium, e.g. NaCl, NaClO3, NaOH, HCl, 
and NaNO3. 
2. Solution additives that provide slow metal dissolution, e.g. H2SO4, (NH4)2S2O8, 
Na2SO4. 
3. Solution additives that provide metal passivation in a narrow range of voltage, 
e.g.  CH3COONa, or H3PO4. 
4. Fluoride electrolytes, which are characterised by complex behaviour, e.g. KF, NaF. 
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5. Electrolytes promoting slight passivation of the metal. 
6. Electrolytes promoting strong metal passivation, e.g. H3BO3, H2CO3, H3PO4, 
inorganic polymers, (e.g. SiO44-, Al2O42−, WO42−, MoO42−) and phosphates of alkaline 
metals (which can form polymer anions). 
 
Fig. 2.7 Various electrolytes tested for PEO treatment on Al substrate [1]. 
Figure 2.7. shows typical polarisation curves of Al in the six groups of electrolytes 
considered for the PEO treatment. The electrolytes from groups 4~6 provide easily 
achievable breakdown voltage, which is highly beneficial for PEO coating production. These 
three groups of electrolytes were classified into four sub-groups in regard to their 
contribution to the coating composition, as follows [1]: 
(a). Solutions that provide only oxygen into the coating; 
(b). Electrolytes containing anionic components that incorporate other elements into the 
coating; 
(c). Electrolytes containing cationic components that incorporate other elements into the 
coating; 
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(d). Suspensions that provides cataphoretic transport of macroparticles contributing to the 
coating composition. 
The electrolytes of sub-groups (b) and (c) provide possibilities to modify the coating 
composition and properties, and enable coating formation by both deposition of electrolyte 
substances and substrate oxidation. These two types of electrolytes are considered as the most 
promising for PEO treatment in different applications. 
From the aforesaid, the electrolytes can be chosen based on the ability to incorporate 
other elements into the coating from their cationic/anionic components. Substrate effects on 
the composition of PEO coatings formed in dilute silicate-alkaline electrolytes are discussed 
[1,2]. On Cu-containing Al alloys, the relative content of α-Al2O3 can reach up to 
60%; γ-Al2O3 is the major phase in coatings formed on Mg-containing aluminium alloys and 
coatings based on mullite phase are formed on Si-containing substrate materials [1,2]. 
Different electrolyte characteristics have been investigated including concentration, pH 
and effects of different additives. For example, Ko et al. [54] studied the effects of electrolyte 
concentration on the PEO treatment of Mg with two KOH concentrations, 0.27M and 0.09M. 
It was reported that (a) the discharge phenomena occur at lower voltage; (b) the amount of 
MgO in the coating layer increases and (c) corrosion resistance increases with the increase in 
KOH concentration.  
It is helpful to understand in more detail these effects on the formation and properties of 
PEO coatings. Sometimes, these studies are complimented with the studies of the effects of 
current density. Guangliang et al [55] reported the effects of current density on the phase 
composition and coating properties under the same electrolyte. The results presented the 
change of ratio (P) of α-Al2O3 to γ-Al2O3 in the range of current densities from 3 to 25 
A/dm2. The following three regions can be distinguished: In the first region with current 
density increasing from 3 to 10 A/dm2, the P value keeps low, then it increases sharply in the 
range of 10~20 A/dm2, and after that remains high in the third region of current density from 
20 to 25 A/dm2. From the analysis of SEM images, the morphology of coatings formed at low 
current densities is relatively coarse but featuring smaller pore size compared to those 
produced at higher current densities. Khan et al. [56] also studied the effects of current 
density and KOH concentration on the coatings formed by DC PEO treatment of Al. It was 
found that current density and electrolyte concentration strongly influence the coating 
structure; in particular the coating thickness and relative content of α-Al2O3 increase with 
increasing current density and decreasing electrolyte concentration; whereas residual stresses 
decrease with increasing current density. 
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Various additives to the electrolyte may also influence morphology and composition of 
PEO coatings. For example, (1) F- ions can reduce the diameter of pores, surface roughness, 
and produce denser oxide coatings [57]; (2) addition of silicon in the electrolyte can increase 
the activity of discharge events and surface roughness [58]; (3) addition of Fe can modify the 
surface morphology of PEO coatings, increase hardness and reduce porosity [59]. Results of 
other investigations of the PEO process in different electrolytes are summarised in Table 2.3. 
These reveal effects of the electrolyte composition and pH together with other parameters, 
such as current density, voltage, and electrolyte temperature. However, it is difficult to 
discuss these characteristics individually. Effects of other parameters of the PEO process are 
discussed in the following sections.  
This study is focused on understanding the effects of electric field distribution and the 
physical characteristics of electrolyte (temperature and conductivity) on the characteristics of 
the PEO process, which is seldom studied. It is generally believed that both the electric field 
distribution and electrolyte characteristics should influence the coating morphology however 
there is no clear understanding of the extend of such effects. Therefore, investigation of 
coating characteristics under different treatment parameters providing controllable variation of 
electric field distribution in the electrolyser and basic physical characteristics of electrolytic 
solutions is of great interest.   
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Table 2.3. Summary of studies addressing effects of electrolyte characteristics on PEO process and resulting coatings.  
Substrate 
Process parameters Results 
Ref. Applied 
current density 
Applied 
voltage 
Duration 
(min) 
Temperature 
(K) 
Electrolyte 
Coating 
composition 
Research aims/results of electrolytic characteristics effects 
Al NA 
200V AC 
(60Hz) with 
260V DC 
5 min NA 
0-8 g/L Na2AlO2 
0-8 g/L Na2SiO3 
0-0.5 g/L Na2SiF6 
2 g/L NaOH 
α-Al2O3, 
γ-Al2O3, 
mullite 
(1) Na2SiF6 affects the surface roughness and decreases 
the size of discharge channels; 
(2) Silicate electrolytes provide thicker coatings; 
(3) Aluminate electrolytes provide denser coatings. 
60 
Al 15 mA/cm2 NA 10-60 min 293±1 0.01M Na2WO4.2H2O 
α-Al2O3, 
γ-Al2O3, 
WO3, 
W 
(1) Coating morphology is strongly dependent on 
treatment time; 
(2) Content of Al and W is much higher at discharge 
channels; 
(3) Content of γ-Al2O3 increases with itime. 
61 
Al 
46.7-140.7 
mA/cm2 
NA NA 288-310 0.5-2.0 g/L KOH NA 
(1) Lower electrolyte concentration facilitates achievement 
of a high voltage; 
(2) Higher current density provides achievement of high 
voltage; 
(3) Lower electrolyte concentration promotes oxide film 
formation and hinders Al dissolution. 
17 
Al 125 mA/cm2 -160 to 600V 0.5-65 min 303 Na2SiO3 
α-Al2O3, 
γ-Al2O3, 
Discharge characteristic in PEO of Al, and evolution of 
phase composition are discussed.  
62 
Al 
10-120 
mA/cm2 
100-350 V NA 323-333 0.3M Na2B4O7.10H2O 
Al2O3, 
Al4B2O9 
Effects of electrolyte temperature and current density on 
coating morphology and composition are discussed.  
63 
Al 100 mA/cm2 400-600V 90-150 min 343-353 2-10 g/L Na2SiO3 α-Al2O3, (1) Inner layer contains a number of predominately 64 
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1-2 g/L KOH γ-Al2O3, amorphous sublayers; 
(2) Intermediate layer has a nanoscale polycrystalline 
structure.  
(3) Porosity at nanoscale is observed in the inner and 
intermediate layers. 
Al 5 mA/cm2 500V 30-60 min 303 
0.025-0.05M NaOH, 
0.033M Na2SiO3, 
0.008M Na6P6O18 
α-Al2O3, 
γ-Al2O3, 
AlPO4 
(1) Study on the effects of electrolyte concentration and 
composition on coating morphology and Al-P-O/Al-Si-O 
phase distribution; 
(2) Correction between phase composition and coating 
thickness. 
65 
Al 100 mA/cm2 NA 0-35 min 303 
0.025 g/m3 NaOH, 
0.066 g/m3 Na2SiO3, 
0.008 g/m3 Na6P6O18 
α-Al2O3, 
γ-Al2O3, 
θ-Al2O3 
66 
2024 Al NA 300-520V 20-40 min 298-318 
20 g/L NaH2PO4 
15 g/L C6H15NO3 
NA 
Elemental composition and concentration values of PEO 
coating in the region of accumulation of dispersed 
formations. 
67 
AM50 Mg 15 mA/cm2 NA 30 min 283±2 
10g/L Na2SiO3 
1g/L KOH 
10g/L Na3PO4 
NA 
Effects of Cl- concentrations on electrochemical corrosion 
behaviour of Si-/P-PEO coating on Mg  
68,71 
AM50 Mg 0.3 mA/cm2 Up to 1000V 5min NA 
Na2SiO3+KOH, 
Na3PO4+KOH, 
NaAlO2+KOH 
NA 
Effects of SiO32-, PO43-, AlO2- anions on both surface and 
cross-sectional morphology, coating composition, and 
analysis by EIS. 
69 
AM50 Mg NA 400V 10 min 318 
3-10g/L K2ZrF6, 
0-8g/L NH4H2PO4, 
0-3g/L KF, 
0-5g/L C6H5O7Na3  
NA 
Effects of electrolyte composition on peak/final current 
density, coating morphology, elemental distribution and 
EIS analysis. 
70 
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ACM522
Mg 
30 mA/cm2 NA 10 min 293 0.5 M Na3PO4.12H2O  
MgO, 
Mg3(PO4)2 
Effect of PO43- anions on coating composition, surface and 
EIS analysis. 
72 
AZ31 Mg NA 300V 30 min 294-298 
4 g/L KOH, 
20 g/L Na2SiO3, 
10mL/L glycol, 
0-8 g/L KF 
MgO, 
MgC2, 
MgF2, 
Mg2SiO4, 
MgSiO3 
Effects of F- concentration on coating composition, 
corrosion resistance, discharge characteristics and EIS 
analysis. 
73 
AZ31 Mg 0.5 mA/cm2 NA 10 min 303 
25g/L Na3PO4, 
25g/L Sodium EDTA, 
0-12g/L Fe2(SO4)3 
MgO, 
Fe3O4 
Effects of Fe3+ concentration on coating composition, 
porosity of coating surface, and thermal/optical properties 
of PEO coating. 
74 
AM50 Mg 30 mA/cm2 NA 15 min 275±2 
Ca(OH)2 : Na3PO4 
1(2g/L) : 2.5(5g/L), 
 1(2g/L) : 5(10g/L), 
 1(2g/L) : 7.5(15g/L) 
MgO, 
Mg3(PO4)2, 
CaH(PO4), 
CaO2 
Comparison of calcium concentration effects on voltage 
vs. time behaviour, both cross-section and surface 
morphology, chemical and phase composition and 
electrochemical corrosion behgaviour.  
75 
AZ31 Mg 60 mA/cm2 Up to 650 V 10 min NA 
10 g/L 
Na2SiO3.10H2O +4 
g/L KOH with 2g/L 
NaAlO2/ Na2B4O7.10 
H2O/K2TiF6/ 
Na3PO4/CH4N2O 
MgO, 
Mg2SiO4, 
MgAl2O4, 
MgF2, 
Mg3(PO4)2, 
Effects of various additives on coating morphology, 
chemical reaction during PEO process, potentiodynamic 
study, and EIS study 
76 
Mg 200 mA/ cm2 NA 10 min 283±3 
Varying concentration 
of Na2SiO3, KOH and 
NaAlO2   
MgO, 
Mg2SiO4, 
Mg Al2O4 
Effects of electrolyte concentration on surface 
morphology, pore volume, elemental and phase 
composition. 
77 
AM50 Mg 30 mA/cm2 420 V 10 min 295±2 8g/L Na3PO4 + 18g/L MgO, Study of the coating phase composition, microstructure, 78,79 
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NH4OH 
3g/L K2ZrF6 +1g/L 
NaH2PO2 
MgF2, 
t-ZrO2, 
m-ZrO2 
corrosion resistance under different pH conditions and EIS 
by using two different electrolytes. 
AZ91D 
Mg 
NA 350-400 V 60-120 min NA 
10-20g/L Na2SiO3, 
3-8g/L KOH, 
4-8g/L NaH2PO4, 
5-10 g/L Na2B4O7, 
5-10 g/L KF 
Mg2SiO4, 
MgO, 
α-Al2O3, 
Mg Al2O4 
Effects of additives on surface roughness, surface and 
cross-section morphology, coating composition, 
potentiodynamic polarization and capacitance of PEO 
coatings. 
80 
AZ31 Mg 50 mA/cm2 NA 10 min 288 
10g/L Na2SiO3, 
3g/L KF, 
0-40 g/L CeO2 particle 
MgO, 
Mg2SiO4, 
CeO2 
Study of the effects of CeO2 particle concentration on 
coating composition, voltage transients during PEO 
process, coating morphology and corrosion resistance.  
81 
Ti 200 mA/cm2 NA 5 min 293 
0.01M KOH, 
0.02M K3PO4, 
0.02M K4P2O7 
TiO2 
(anatase), 
TiO2 (rutile), 
P2O5 
Report on the effects of electrolyte on surface properties 
and coating morphology. 
82 
Ti 100 mA/cm2 NA 10 min 313 
0.066M Na3PO4, 
0.034M Na2B4O7, 
0.006M Na2WO4, 
0.1M Ni(CH3COO)2, 
0.025M (CH3COO)2   
TiO2 
(anatase), 
TiO2 (rutile), 
NiO, 
CuO 
Study on the thermal behaviour of Ni- and Cu-containing 
PEO coatings and the effects of coating composition and 
morphologies.   
83 
Ti 150 mA/cm2 NA 30 min 294±1 
0.001 M H4SiW12O40, 
0.001M H3PW12O40 
WO3, 
Anatase, 
Ti 
Study of PEO coatings formed using heteropolytungstate 
acids on coating composition, discharge events and coating 
morphology. 
84 
NA= not available.
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2.3 Effects of current modes 
PEO is a complex process including electrical, chemical, electrochemical, heat and mass 
transfer processes. The total oxide layer formation efficiency (required formation 
energy/overall consumed energy) is about 20∼30% [85] caused by metal hydroxides and 
hydrogen peroxide formation, anodic gas evolution, solution heating and evaporation, etc. To 
estimate those side reactions both qualitatively and quantitatively and to achieve adequate 
process control, the effects of current modes of the power supply on the PEO process is worth 
considering.  
The following four current modes can be used to produce PEO coatings: direct current 
(DC), alternating current (AC), pulse unipolar current (PUC), and pulse bipolar current (PBC) 
as shown in figure 2.8. In the early years, the PEO process was mainly implemented under 
DC mode. However, to achieve a better control over the PEO processes, AC and PBC modes 
are now being considered.  
 
Fig. 2.8 Types of current modes (waveform) used in PEO research. 
2.3.1 DC-PEO and PUC-PEO mode 
DC-PEO mode utilises the simplest power supply to produce PEO coatings, it is only 
used for homogeneous alloy substrates and thin coatings since possibilities of controlling the 
process are limited [1]. The coating growth rate is usually around 1~2μm/min although the 
coating morphology is often coarse and porous. As regards to the properties of DC-PEO 
coating [86], on Mg substrate for example, the microhardness can be improved from ~HV75 
for untreated Mg to HV150 for the PEO-coated one. In dry wear tests (against steel), 
DC-PEO coated samples provide only 1/3 of the friction coefficient of the untreated Mg 
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alloy, with the wear reduced also. 
Yerokhin et al. [1] reported a pulsed unipolar mode (PUC), which allows to control the 
interruption of process and thus the discharge duration. Compared with the DC mode, the 
composition and structure of the coating produced is different. However, to reach the 
desired current density, a higher voltage (up to 1000V) may be needed, this might cause 
destructive effects, such as thermal cracking. 
2.3.2 AC-PEO mode 
Yerokhin et al. [87] reported that the AC-PEO mode provides more intensive and 
uniform sparking on the surface, with a possibility of partial reduction and dissolution of 
some oxide compounds during the negative half-cycles. This promoted formation on the 
surface of the rutile phase, lower oxides and intermetallics as well as hindered penetration of 
electrolyte anions in the film. Xin et al [88] noted that the PEO process under AC mode 
produced a smaller percentage of α-Al2O3 but better corrosion resistance of the coating than 
the DC mode, because less micro-cracks occurred. Specific characteristics of AC-PEO 
process include ability to form thick coating layers, obtain high hardness, large insulation 
resistance, and superior adhesion to the substrate [89]. Surface properties, such as abrasion, 
corrosion, and thermal shock resistance can also be improved [90, 91]. Yerokhin et al. [85] 
show the schematic diagram in figure 2.9 (a), which explains the current distribution during 
AC-PEO treatment of metals. The PEO mechanism under AC mode is illustrated 
schematically in Fig. 2.9 (b) [92]. 
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Fig. 2.9 Schematic diagram of (a) current distribution during the PEO treatment of metals in 
AC mode [85], (b) PEO process under AC mode with anodic and cathodic half-cycle. 
(a) 
(b) 
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2.3.3 PBC-PEO mode 
To overcome the disadvantages of the AC-PEO process, such as low coating growth rate, 
the presence of a relatively thick porous outer layer (which must later be removed at the 
finishing stages of the manufacturing process) and low energy efficiency, Yerokhin et al. [53] 
suggested the PBP process. The coating growth rates provided by DC- and AC-PEO 
processes are only 1∼2 µm min−1 [1] , however, utilizing a pulse bipolar current (PBC) PEO 
process allows coating growth rates to be increased up to 10 µm min−1 [93]. The 
enhancement effect of the PBC-PEO mode on coating properties and morphology is obvious, 
e.g. production of denser coating layers with higher micro-hardness and lower friction 
coefficient compared to the DC-PEO coatings. It is considered that the higher frequency PBC 
modes enable the generation of shorter yet more energetic microdischarge events [86]. It was 
found that the optimal combination of the coating growth rate and energy consumption can be 
achieved at a pulse frequency between 1 and 3 kHz. It has also been demonstrated that the 
new PBC-PEO process is capable of providing significant improvement in the coating 
morphology, when forming dense and uniform surface layers of 50 to 70 µm in thickness, in 
which the porous outer layer occupies only 10 to 15% of the thickness total.  
The PBC mode requires an advanced power supply which allows independent control 
over the main pulse parameters, such as pulse duration, amplitude, duty cycle during both 
positive and negative biasing [53]. It is more suitable to achieve a better process control of 
the PEO treatment, however a large number experimental variables introduced makes it 
difficult to find optimum processing conditions using conventional methods of experimental 
design. It is noticed that the pulse frequency can affect the coating growth rate and specific 
energy consumption, indicating that there exist optimal frequency ranges for different types 
of substrate and electrolytes [86, 110, 111]. Despite these observations, the mechanisms 
underlying frequency effects on the PEO process and resulting coatings are still unclear, 
undermining the capabilities of conventional experimental approaches employed so far to 
study the PEO process. This outlines the need in development and exploration of new 
experimental techniques for investigation of the PBC PEO process. Within this context, the 
methods based on frequency response analysis of the studied system appear to be extremely 
promising. Of particular interest for the purposes of this study is the method of in-situ 
impedance spectroscopy, which has been recently developed [112] and adopted to the studies 
of the PEO process. The details of in-situ impedance spectroscopy technique and the setup of 
the PEO treatment system accommodated for this method are introduced in Chapter 3. 
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2.4 Chemical reactions during the PEO process 
The PEO treatment is based on complex chemical, electrochemical and plasma-chemical 
processes that influence heat, mass and charge transfers at the metal-electrolyte interface. 
During the last decade, researchers have extensively discussed the main reactions both 
theoretically and experimentally. The following model of the plasma electrolytic oxidation 
provides basic understanding of the main electrochemical reactions taking place during the 
treatment [2,50]:   
(1) Oxide formation due to the opposite migration of metal (Me) ionised at the metal–oxide 
interface and Oxygen adsorbed on the surface. 
         4)or  3, 2,(                                 eMeMe =+→
−+ nnn         (2.1) 
         MeOOMe 22 →+ −+                                      (2.2a) 
         32
23 OMeO32Me →+ −+                                   (2.2b) 
         2
24 MeOO2Me →+ −+                                   (2.2c) 
(2) Direct ejection of metal (Meej) into the electrolyte, when electronic conductivity of the 
oxide film is developed around the breakdown voltage (usually > 400 V).  
          4)or  3, 2,(             eMe(OH)OHMeej =+→+
−− nnn n          (2.3) 
(3) Under the same conditions, gaseous oxygen can also be liberated at the anode: 
 −− ++→ e4OO2HOH4 (g) 22                            (2.4) 
(4) At the oxide–electrolyte interface, outward moving metal cations react with OH-.  
         3
2 Me(OH)3OHMe −−+ →+                              (2.5a) 
 43 Me(OH)4OHMe −−+ →+                              (2.5b) 
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 5-4 Me(OH)5OHMe −+ →+                               (2.5c) 
(5) Chemical dissolution of metal oxides caused by instability of the protective oxide film. 
          OHMeOOH2MeO 2
2
2 +→+
−−                         (2.6a) 
          OHMeO2OH2OMe 2232 +→+
−−                         (2.6b) 
(6) Precipitation of metal hydroxide driven by changes in pH near the film–electrolyte 
interface, this may result in sealing the pores in the oxide layer. 
    (s) (sol) Me(OH) Me(OH) nn ↔                              (2.7) 
(7) In AC-PEO, the reaction of hydrogen gas evolution is also possible during the cathodic 
half-cycle. 
        (g) 22
H2OHe2OH2 +→+ −−                          (2.8)
 
 
Fig. 2.10 Schematic of simplified chemical reactions during processing of Al in alkaline 
electrolytes. 
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Fig. 2.11 Schematic of chemical reactions at the surface of alumina coating during the PEO 
process. 
 
A simplified scheme of electrochemical process taking place during the PEO treatment 
of Al in an alkaline electrolyte in the regions of (1) anode; (2) cathode, and (3) in the bulk of 
the electrolyte is shown in figure 2.10. It is assumed that during the PEO process, the 
chemical reactions are varied and become more complex due to the involvement of different 
electrolyte additives or alloying elements of the substrate. Moreover, during the PEO process 
a variety of complimentary plasma thermochemical reactions occur [1], that result in specific 
surface structures formed by metastable high temperature phases, amorphous and complex 
compounds. The discharge plays an important role in triggering the primarily compound 
dissociation, and causes the components of plasma to form products condensed within the 
discharge channel. Therefore, when the cooling rate reaches 108K/s, unique high temperature 
phases, supersaturated solid solutions and nonequilibrium compounds can be formed on the 
surface. This underlines the importance of plasma discharge phenomena for the entire PEO 
process and makes the understanding of discharge nature and underlying mechanisms crucial 
for the progress of PEO technology. 
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2.5 Discharge phenomena 
Understanding discharge behaviour is crucial for characterisation of the PEO process; it 
influences growth mechanism, composition, morphology and properties of the coatings 
formed. The growth of the oxide film is based on the breakdown occurring at weak (often 
thinner) sites of the coating. Size and spatial density of discharge channels are the two 
observable characteristics of the breakdown. Therefore, investigations of size and population 
density of discharge channels formed during the PEO process are relatively abundant. 
Matsuzawa et al. [94] found that the surface of the oxide film formed under intense 
luminescence is remarkably rugged, while that with weak luminescence is entirely uniform. 
Sundararajan and Krishna [19] investigated number and size of the pores produced by 
discharge events; and Yerokhin et al. [95] reported the results of microdischarge spatial 
density, fraction of the sample surface area being instantaneously covered by active discharge 
sites and mean average current density in a single microdischarge. The characteristics of 
discharge events studied by researchers can be categorised as follows: 
2.5.1 Duration of discharge events 
The duration of discharge events has been investigated in several papers. However the 
results reported in the literature are scattered. Arrabal, et al [99] studied the discharge 
duration using fast video imaging (5400 to 20000 frames per second) during PEO processing 
of Mg. In his study, the shortest duration of discharge was in the range ≤ 0.05 - 0.185ms; 
the longest living discharges lasted from ≤ 1 to ≤ 4ms; and the average lifetime was in the 
range of 0.5 - 1.1ms. In the work by Dunleavy, et al [97], discharge lifetime during the PEO 
process on Al was estimated in the range of 10-100μs. Three methods were applied in that 
study, optical emission spectra, correlation with imaging and monitoring of electrical 
characteristics in the DC mode. A similar duration range (10-100μs) was reported by Long, et 
al [109] based on electrical measurements. 
Yerokhin, et al [62] applied imaging methods to observe the discharge events during AC 
PEO process on Al. The individual discharge duration were ≤ 7.5ms. He also indicated that 
the lifetime of discharge could be at least two orders of magnitude larger than the expected 
duration of conventional electron avalanche events [62]. Matykina, et al [96] studied the 
discharge duration using a high-speed imaging with 10ms exposure time and 40ms interframe 
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time during the PEO process on Ti at different applied voltages. Discharge durations were 
~35-100ms, ~35-260ms and ~100-800ms at 300V, 370V and 430V, respectively. From the 
literature review, the discharge durations are ranging from about 10 to 103μs.  
From the above discussion, it follows that the observed duration of the discharge, varies 
in which it is often limited by the resolution of the experimental equipment employed for the 
study. Events from each studies are different with a wide range from 10-5 to 10-1s. Therefore, 
discharge events require careful investigation at a higher temporal resolution. To study the 
discharge lifetime during the PEO process of Al in this work, an ultra-high speed imaging 
system is used. Compared with the imaging systems used previously, the ultra-high speed 
imaging system with multi-channel framing camera can provide 12bit digital images, and 
also a wider control over the exposure and interframe times that can be varied in the range 
from 1ns to 10ms. This creates an opportunity for more detailed investigations of the 
characteristics of discharge events such as the intensity, FWHM and displacement trajectory 
at different time scales. Further discussion of the ultra-high speed imaging system and the 
corresponding devices is carried out in section 3.6. 
2.5.2 Size and spatial density of discharge events 
The size of an individual discharge event is one of the main physical characteristics that 
can be measured based on optical imaging. Both size and density of discharge events are 
changed in different stages of the PEO process.  
Yerokhin, et al [62,100] reported the mean diameter of the light spot to be around 
160μm, which were most common discharge events during the whole PEO process. The 
lightest discharge density was about 6×107 m-2s-1 around 10 min from the beginning of the 
process, and then decreased to about 2.6×107 m-2s-1 after 60min. This work was carried out on 
Al substrates, using a frame rate of 24Hz. Matykina, et al [96] studied the discharge size and 
density studied during DC PEO process on Ti with the frame rate and exposure time of 24Hz 
and 10ms, respectively. The discharge density was about 5×106 m-2s-1 at about 160s from the 
beginning of the process. It increased to around 2×107 m-2s-1 after 900s and reached the 
maximum of 3×107 m-2s-1 after 760s. The discharge diameter was in the range from ~80 to 
over 370μm. Arrabal, et al [99] applied fast video imaging at 5400 frames per second with the 
exposure time of 185μs to the PEO process on Mg substrate. The discharge density was 
reported in the range from 108 to 109 m-2s-1. 
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However, in these studies the effects of exposure time on the apparent characteristics of 
discharge events such as size, optical intensity, and location was often ignored. Due to the 
fact that these discharge characteristics are strongly influenced by exposure time in the 
optical imaging system, the associated effects require careful attention. Therefore, an 
ultra-high speed imaging system and corresponding devices are also used in this work to 
study the size evolution of individual discharge events during its lifetime.  
2.5.3 Current characteristics of discharge events 
Fluctuations or pulses observed in the electrical response signal of the PEO process 
provide another manifestation of discharge events. Kasalica et al [101] presented the 
discharge event by plots of current and voltage variation during the discharge lifetime as 
shown in figure 2.12. In his work, the peak current of discharge event was around 1mA, 
while the average energy was 0.2μJ. The discharge current density was also estimated to be 
around 109 Am-2. Yerokhin et al reported that the current density of discharge events during 
the PEO process changed with the duration of the process [95], to be around 5×104 
Am-2 during the first minute, and then dropping to around 2×104 Am-2 after 80 minutes of the 
treatment. The surface area covered by the discharge was evaluated by studying the total area 
fraction apparently undergoing discharge at any given time during the treatment. These 
results were calculated from the analysis of stills video images taken at 24 Hz frame rate with 
unspecified exposure time. Further values of current density of discharge events reported by 
Dunleavy, et al [97,98], where the peak current of individual events spanned the range from 
~8 to ~40mA (figure 2.13). The data of the above reports indicate the discharge currents are 
in the order from 1 to 102mA and the current density is in the range of 104 to 108Am-2 in a 
customised small area system. The differences provided by these studies are obvious, leaving 
major uncertainties regarding the actual range of discharge current densities. 
From the above work, the evaluations of the size of discharge events are affected by the 
setup of the imaging system, especially by the exposure time. In this work, the characteristics 
of discharge events are therefore investigated not only by ultra-fast video imaging at different 
exposure times, but are also in association with high-resolution current signals obtained using 
a 16 Bit dual-channel digitalizer. 
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Fig. 2.12 Current and voltage variation during one breakdown event [101]. 
 
 
 
 
 
 
 
 
 
 
Fig. 2.13 Typical sequence of current pulses corresponding to individual discharge events, 
and associated light emission, obtained using a photomultiplier tube [97]. 
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2.5.4 Diagnostics of the optical emission of discharge   
Research focused on investigation of discharge events has increased significantly during 
the last several years. Optical emission spectroscopy (OES) is the most frequently used 
method to identify and observe the temporal evolution of spectral lines attributed to the 
discharge in the visible and near UV region. Jovovic et al. [102] carried out a spectroscopic 
study of PEO processes on Mg and Al. Three estimations of plasma electron density Ne were 
performed using Hβ line. The analysis of the Balmer lines (Hα and Hβ) indicated that two 
processes occurred in the plasma during the micro-discharge event. Two lower Ne values ( 
~1.2 × 1015/cm3 and ~2.3 × 1016/cm3) were derived from the Hβ line shape, while the two 
larger Ne of 1.6×1017 cm−3 and 1.2×1017 cm−3 were related to magnesium and aluminum 
species, respectively. Incorporation of metal species into plasma is believed to take place 
during the PEO of Mg and Al because of low melting temperatures (TM) of these elements, 
650℃ and 660℃, respectively. Titanium and tantalum have much higher melting points of 
1668℃ and 3017℃, therefore, the metal lines were not detected in OES during 
corresponding PEO processes. Jovovic, et al., [103] have also performed spectroscopic 
characterization PEO of Al in acid and alkaline electrolytes. Hussein et al. [104] reported the 
spectroscopic study of plasma discharge during PEO process with different current densities 
at various time stages from 0 to 60 min. Wang et al, [105] studied the effects of various 
electrolyte composition on characteristics of optical emission spectra of plasmas during the 
PEO processing of Mg. However, attempts to correlate optical emission to the electrical 
response of the PEO system appear to have so far failed in providing any valuable insights. 
The main reason here seems lying in the fact that optical emission may be caused by electron 
transition within the species and not necessarily be associated with generation or transfer of 
charge in the system. 
Other investigation methods such as ultra high-speed imaging and spectral analysis of 
current signal, have progressed steadily and these are utilised in this work to study the 
characteristics of discharge events including lifetime, size, spatial density and current 
transient at the sub-microsecond time scale.  
Since the mechanism of discharge depends on the type of breakdown, the study of the 
breakdown phenomena occurring during the PEO process is required. Of particular interest is 
initiation of discharge, however, it is extremely challenging task for the in-situ methods. 
Several models of this phenomenon are reported, as discussed in the next section.   
Chapter 2 Overview of Plasma Electrolytic Oxidation Processes and Associated Mechanisms 
40 
 
2.5.5 Generation of discharge   
Oxide breakdown is the process of discharge initiation, leading to formation of 
discharge channels that perforate the coating during the PEO process [108]. As microscopic 
characterisation confirms, a passive oxide film is formed on the metal surface as soon as 
anodic polarisation is applied, then the passive film may begin to dissolve. It can be noted 
that the formation of the passive oxide film conforms to Faraday’s law and the dissolution 
may correspond to the pitting potential of the coating material. In region II of figure 1.5 in 
section 1.2, a porous oxide film rapidly grows due to the anodising under galvanostatic 
conditions; the voltage rises slowly, and the maximum value of it is typically limited by the 
range of 150−250 V. In region III (figure 1.5), the electric field strength in the oxide film 
reaches a critical value beyond which recrystallisation occurs and defects are formed in the 
porous oxide film due to a small sparking, in which a barrier oxide film starts, formed near 
the metal substrate. The barrier oxide film acts as a passive electrical component, i.e. 
capacitor with high capacitance. When the electric field strength in the barrier oxide film 
causes the voltage to reach the breakdown value, the discharge events start occurring. 
The oxide breakdown event is catastrophic and irreversible. Figure 2.15 illustrates the 
development of the breakdown in the barrier oxide film. The breakdown is believed to be 
caused by microscopic defects under high electric field conditions [108]. Defects within the 
oxide are usually called traps, where the degraded oxide can trap charges. When more traps 
are created in the oxide film, promoting an accumulation and overlap of the trap defects 
eventually forming a conductive path (soft breakdown) through the oxide [108]. Once there is 
a conduction path, new traps are created by thermal damage, which in turn allows for 
increased conduction. The cycling of conduction leading to increased heat and further 
increased conduction leading to thermal runaway finally results in lateral propagation of the 
breakdown spot. The oxide film within the breakdown spot starts to melt, and a conductive 
filament is formed in the breakdown hole. This type of breakdown is called hard breakdown 
[108]. The critical potential for the barrier oxide film breakdown appears less anodic (more 
negative) than the general transpassivation potential. The breakdown hole is highly 
penetrably and provides a localized leakage path for electrons and ions. However, due to the 
small size of the hole, the new barrier oxide forms rapidly in it. Due to high breakdown 
voltage (generally higher than 300 V) and local current density, a very high temperature is 
developed in the conductive filament. If the energy released is greater than the formation heat 
of the barrier oxide, it leads to structural changes from porous to barrier oxide at the interface. 
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Fig. 2.14 Assumed model of the oxide film dielectric breakdown 
 
 
Fig. 2.15 Schematic of the barrier oxide breakdown 
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2.6 Breakdown of oxide films 
Whilst the previous sections have discussed the role and characteristics of discharge 
events occurring during the PEO process, here the emphasis is given to the breakdown 
phenomena that initiate the discharge event. Dielectric breakdown is considered to be a 
common mechanism for the breakdown of the growing oxide film during the PEO process, 
The dielectric breakdown is often affected by the high electric field. In this case it is 
developed due to the loss of electrical insulating capacity of the dielectric materials. 
Dielectric breakdown takes place when the external electric field increases to a limit when all 
dipoles in the medium break and free charges develop causing the material to behave like 
conductor. Here, the maximum electric field up to which the dielectric can exist is called a 
dielectric strength of the medium.  
 Beside the effects of electric field, there are three other conditions that can lead to the 
dielectric breakdown: (a) Thermal breakdown, which is often observed for non-ideal 
dielectrics that may permit some leakage current. The electrical energy loss has to be 
dissipated as heat. If the heat dissipated is less than the heat generated, the temperature of the 
dielectric materials increases progressively, eventually resulting in local melting, and then 
high current through the dielectric material can develop; (b) Electro chemical breakdown - 
due to the external effects, such as electric field and temperature etc., a chemical change may 
occurs in the dielectric, which would result in deterioration of the electric insulation 
performance; (c) Defect breakdown - when there are defects, pores or cracks, in the medium, 
its dielectric strength is decreased and the material can be ionised easily to becomes 
conductive.  
More specifically to the anodic oxide films on valve metals, it is suggested that a 
so-called 'electric breakdown' can trigger the discharge events, following the electron 
avalanche mechanism. This term introduced by Wood, et al [106] in 1967 indicates that when 
electrons are transferred from the electrolyte to the oxide film, they are accelerated by the 
electric field and then impact on atoms to hit out more electrons. A large number of electrons 
must be generated to achieve the electric avalanche breakdown, according to this mechanism.      
During 1973-1977, Ikonopisov has brought forth a phenomenological model [107] to 
point out that during the oxidation process the ionic current causes a increase in oxide film 
thickness and does not directly affect the electric breakdown. On the contrary, the electronic 
current which exists as a leakage current has low correlation with the film growth, but the 
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electric breakdown mechanism is triggered. The leakage current may be instigated by a hair 
crack in the barrier oxide layer, electrolyte ion penetration, or trace alloy elements intrinsic in 
the substrate. The main phenomenological equations governing this process are as follows: 
 
 
 
 
where εm is the energy of the electron being accelerated; Je (0) is the electron avalanche 
current density at the interface between the thin oxide film and solution; UB is the breakdown 
voltage; JB is the critical electronic current density when electric breakdown occurs; re is a 
coefficient; E is electric field; T is temperature; ρ is resistivity. AB, BB, αB, βB, aB, bB are 
constants. The mechanism of the electric avalanche can cause both types of high electric field 
and thermal breakdown in the materials. Once the electric avalanche occurs, it can trigger the 
dielectric breakdown; the electrons that trigger this process in the PEO coating are mainly 
generated by the polarisation of H2O as shown in figure 2.10.  
According to Yerokhin et al [62], the formation of microdischarge during the PEO 
process can be conjectured in several models. One model assumes that microdischarges 
appear as a result of oxide film dielectric breakdown in a strong electric field (Fig. 2.12). This 
breakdown phenomenon is caused by the electron avalanches induced by film dopants and 
structure defects. However, it appears that this model does not fit the spatial, temporal and 
electrical characteristics of microdischarge phenomena. 
The above breakdown phenomena are believed to underpin the plasma microdischarge 
events occurring during the PEO process. However, there is no direct evidence to prove that 
these phenomena actually take place, because it is difficult to resolve the within the discharge 
lifetime because of the limitations of existing methods of process characteristation. Therefore, 
new in-situ study methods are required to clarify the phenomenology and the corresponding 
mechanisms of the PEO process. 
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2.7 Aim and objectives  
Based on the above analysis, the overall aim and specific objectives of this research 
have been defined as follows: 
Aim:  To achieve better understanding of the plasma electrolytic oxidation process of 
Al based on application of new in-situ research tools. 
Objectives: 1)  Identify, develop and adopt new research methods capable of providing 
novel information crucial for understanding of the mechanisms underlying 
the PEO process. 
          2) Investigate effects of electric field distribution in electrolyser on 
characteristics of the PEO process and coating growth behaviour on Al. 
          3) Study effects of electrolyte temperature and conductivity on the 
characteristics of PEO process on Al. 
          4)  Compare characteristics of the oxide-electrolyte interface under conditions 
of free corrosion and at the potentials of dielectric breakdown for PEO 
coatings on Al with different thicknesses. 
          5)  Investigate the temporal and spactial evolution of individual discharge 
events and correlate with electrical characteristics of the PEO process on 
Al.      
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Chapter 3 
Methodological Approaches to the 
Modelling of PEO Processes 
Complex phenomena driven by various mechanisms discussed in the introduction to the 
PEO treatment in the previous chapter are difficult to study using conventional techniques. 
Therefore, several new methods are employed in this work to provide a detailed 
understanding of the PEO process. These include in-situ impedance spectroscopy, an 
approach to modelling based on electrochemical impedance spectroscopy; the 
COMSOL-Multiphysics modelling of electric field distribution; fractal analysis and 
ultra-high speed imaging of discharge events. In this chapter, these main research methods 
are introduced and discussed and their use during the PEO process study is outlined.       
3.1 Electrochemical impedance spectroscopy (EIS) 
Electrochemical impedance spectroscopy (EIS) is an important technique in applied 
electrochemistry and materials science, which has been known for more than a century. It is a 
powerful method to investigate the mechanisms of electrochemical reactions by analysing a 
current response to the small AC perturbation of potential with variable frequency. The result 
is presented in plots of two impedance loci in the complex plane and typically plots of 
frequency-dependent impedance magnitude and phase angle. An equivalent circuit is used to 
model EIS results using classical electrical components (resistors, capacitors, inductors) and 
specialized electrochemical elements (e.g. Warbug diffusion element or Constant Phase 
Element (CPE)). Each element in the model has a known impedance behaviour. The 
information from EIS results can then be studied. The EIS techniques becoming increasingly 
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popular in different research fields.        
3.1.1 Background of EIS 
The development of EIS can be traced back to Oliver Heaviside's work in 1872, 
investigating of transient response of electrical circuits with applications of Laplace 
transforms. At that time, the concepts of inductance, capacitance and impedance of electrical 
circuits was introduced. [113,114]. Later, in 1894, Nernst applied the Wheatstone electrical 
bridge to measure the dielectrical constants from aqueous electrolytes and different organic 
fluids [114]. In 1899, Warburg developed expressions for diffusion behaviour derived from 
the impedance function [113,114].  
In the early 20th century, Finkelstein applied the impedance technique to analyse the 
dielectric response of an oxide film[114]. Impedance spectroscopy was next used to measure 
the capacitance of mercury electrodes and to develop models for the study of the electrified 
interface [113]. The mercury electrodes were chosen because they provide a uniform and 
easily refreshable interface which is polarizable over a wide range of potentials [114]. In the 
1920s, this technique was applied to biological systems such as vegetable cells, suspensions 
of blood, muscle fibers, skin tissues and membranes [114]. A few years later, K.S. Cole found 
that the capacitance was a function of frequency from the analysis of cell membranes [114]. 
Fricke reported the relationship between frequency exponent of impedance and also observed 
the constant phase angle in 1932 [114]. In 1941, K. S. Cole and R. H. Cole presented the 
frequency-dependent dielectric constant in a complex plot (imaginary part and real part of 
dielectric constant as y and x axis, respectively), which is so called 'Cole-Cole plot'. They 
also suggest the use of a constant-phase element (CPE). In the next decade, Frumkin and 
Grahame explored the double-layer structure, and provided a fundamental understanding of it 
using EIS technique [114]. 
Impedance spectroscopy began to be applied in more complicated systems around the 
1950s. In 1960, I. Epelboin and G. Loric reported that the low-frequency inductive loop can 
present the behaviour of an intermediate reaction [114]. De Levie developed the theory of 
porous and rough electrodes with impedance response by transmission line models [113,114]. 
Around 1970, frequency response analysers were developed. Furthermore, J.R. Macdonald et 
al developed the nonlinear complex regression techniques [113,114]. These techniques led to 
the EIS applications on corrosion mechanisms and electrodeposition in the 1980s. In the late 
1980s, the application of Kramers-Kronig transforms (KKT) in EIS for treating optical data is 
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worth mentioning. KKTs provide an independent method to check the validity of the 
impedance data which is in compliance with linear systems theory [113,114].    
  EIS is currently becoming an important technique and is used in different application 
fields, such as characterization of materials, solid state devices, corrosion of materials, and 
electrochemical power sources. Before employing the EIS technique in these application, it is 
necessary to understand the theory and analysis methods.  
3.1.2 Fundamental theory of EIS  
An unknown internal structure of a physical system can be considered as a black box. 
The internal structure of the black box cannot be observed and measured directly. However, 
there is still an input and output with the black box. When given a perturbation signal from 
the input terminal, there will be a signal which can be received at the output terminal, and this 
is called 'response' signal [115]. If the internal structure of the black box is a linear stable 
structure, then the output signal is a linear function of the input perturbation signal. Therefore, 
this output signal is a linear response of the input perturbation signal. By applying the above 
principle, the unknown internal structure can now be studied by the perturbation and response 
signal. The relational function between the perturbation signal and response signal is called 
the 'transfer function' [114-116]. Laplace transfer is used to present the relation between the 
functions of perturbation and response signal as shown below: 
                          𝑅 = 𝐻(𝑠) ∙ 𝐷                             (3.1) 
where the R and D present the functions of response and perturbation, respectively. H(s) is 
the transfer function with Laplace frequency s. In this equation, the types of perturbation 
signal and waveform can be different [115]. 
The EIS technique is based on the above principle, which uses a ratio between potential 
and current as the transfer function with a sine wave as the perturbation waveform. In here, 
the transfer function is called an immittance. By using a sine wave as the perturbation 
waveform, the transfer function is becoming a frequency-response function. Therefore, when 
the internal system is linear and steady, the angular frequency ω of the response sine wave 
signal should be the same as the input sine wave signal. In the above system, the variation of 
frequency ƒ and ω relating to the transfer function can present information on the internal 
system. To make certain of the accuracy of the transfer function, it is necessary to consider 
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the three requirements in this technique as: (1) causality, (2) linearity, and (3) stability [115]. 
Causality is the requirement to make sure the output signal only responds from the input 
perturbation signal. In other words, it should avoid the interference of the noise. If the system 
follows the requirement of causality but not linearity, harmonics at non-excited frequencies 
may appear which will disturb the response signal. Stability is the requirement to avoid the 
changing of internal structure caused by the input perturbation signal.  
In the EIS technique, the transfer function can be presented as the following equation: 
                          𝑌 = 𝐺(ω) ∙ 𝑋                             (3.2) 
in the equation, G is the a frequency function with an angular frequency ω. Y and X are the 
input and output signal, respectively. When the sine wave voltage and current are set as the 
input and the output signals, respectively, the formal quantity obtained by dividing the output 
by the input provides admittance. If we exchange the sine wave current and voltage to input 
and the output signals, respectively, the result will present impedance [115]. 
From the equation 3.2, G(ω) is a frequency-dependent vector, which can be presented as 
the complex function of angular frequency ω as: 
                       𝐺(ω) = 𝐺′(ω) + 𝑗𝐺"(ω)                     (3.3) 
where j = (-1)1/2, G'(ω) and G"(ω) are the real and imaginary parts, respectively. In the study 
of impedance Z, equation 3.3 can be transformed as follow: 
                            𝑍 = 𝑍′ + 𝑗𝑍"                           (3.4) 
where Z' and Z" present the real and imaginary parts of impedance, respectively. The 
frequency-dependent response values of Z' and -Z" can be presented as a complex plot (figure 
3.1a), in which -Z" is used as the ordinate axis and Z' is set-up as the abscissa axis. In the 
complex plot, impedance can be represented as a vector of length |Z|, whereas |Z|2= Z'2+ Z"2. 
The correlation between |Z| and frequency are presented as one of the Bode plots as shown in 
figure 3.1b. The other Bode plot is presented as the correlation between the phase angle and 
frequency (figure 3.1c), in which the phase angle is the angle between vector |Z| and Z' axis. 
Therefore, the value of phase angle can also be calculated as tan θ = -Z"/Z.' The Bode plots 
can assist the complex plot to understand the behaviour in relation with different frequencies, 
which is difficult to observe directly from the complex plot. 
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The physical meaning of the system internal structure can now be studied using complex 
and Bode plots. To understand the behaviour of electrochemical systems in detail, equivalent 
circuit analysis is used to fit the plots in both complex and Bode planes. Equivalent circuits 
are used to setup a model with elements that can present (or approach) the same locus in both 
Complex and Bode plots, and then the elements are used to help explain the physical meaning 
of the processes taking place in the electrochemical system. Elements in the equivalent 
circuits include conservative electrical components such as resistors, capacitors, and 
inductors. These elements in the equivalent circuit exhibit known impedance behaviour 
during the EIS modelling. Moreover, to reflect a more complex behaviour of the 
electrochemical system, specialized electrochemical elements such as Warbug diffusion 
element and Constant Phase Element (CPE) are developed. The physical meaning of the 
elements in the equivalent circuits is discussed in the following section.  
 
Fig. 3.1 Common presentation of EIS data as (a) Complex plot, (b) Bode plot (impedance 
versus frequency) and (c) Bode plot (phase angle versus frequency) 
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3.1.3 Physical meaning of equivalent circuit elements 
Equivalent circuit analysis is a useful method that helps in understanding the 
electrochemical system. In the equivalent circuit, each element presents an impedance 
behaviour. In this section, the common elements and their impedance behaviour is 
introduced.    
Resistance R is an element that only presents the real part of the impedance. From the 
definition, resistance is frequency independent (R = E/I = Z (Impedance). In the 
electrochemical system, R is used to describe several phenomena: (1) electrolyte resistance, 
(2) polarisation resistance, (3) charge transfer resistance [114,115,117]. The electrolyte 
resistance is dependent on the current terminal area and the characteristics of the solution, 
such as the type of ions, ionic concentration and temperature. It can be presented as the 
equation: 
                       R= 𝑙
К∙𝐴
                               (3.5) 
where К is the conductivity of solution, A and Ɩ are the bounded area and length of the 
uniform distribution path of carried current. Normally, the current distribution in the 
electrolytic cell is not uniform, therefore it is difficult to calculate the resistance of the 
electrolyte using just the above equation. Fortunately, in the impedance spectra, the resistance 
of the electrolyte can be observed at the highest frequency data point (ω→∞) in the complex 
plot. The polarisation resistance Rp is used to present the resistance to the current flow when 
the electrode is polarized. In this case, the current value can be related by the reaction kinetics 
and diffusion behaviour both toward and away from the electrode [116]. The charge transfer 
resistance Rct can be observed for a simple electrochemical reaction running with kinetic 
control. When Rct is known, the exchange current density of reactions can be calculated under 
certain conditions [115]. 
Capacitance is an element that provides the imaginary part of the impedance and is a 
function of frequency as presented in equation 3.6. From the equation, impedance of 
capacitance is inversely proportional to the frequency. 
                            𝑍 = 1
j𝜔𝐶
                                (3.6) 
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In electrochemical systems, there are two situations where the impedance can show 
capacitive behaviour. Firstly, at the electrode-electrolyte interface the charge redistribution 
takes place forming a double layer. The positive ions in the electrolyte are absorbed onto the 
electrode, with an excessive concentration of electrons formed in the electrode surface. 
Therefore, a so-called diffuse mobile layer is formed with negative ions are attracted towards 
the electrode (figure 3.2) [114,118]. The 'Double layer' is composed of inner absorbed fixed 
layer and outer diffuse mobile layer. Therefore, under AC conditions, the double layer in the 
rising and falling polatisation half-cycle charges and discharges, respectively. The magnitude 
of the double layer capacitance Cdl is affected by the type of ions, ion concentration, 
roughness of the electrode surface and the temperature of electrolyte.  
The second situation is associated with the coating capacitance Cc, in which the coating 
layer behaves as a capacitor. The value of Cc can be calculated using the following equation: 
                            𝐶𝑐 = εε0A𝑑                                (3.7) 
where ɛ is the permittivity of the coating material, ɛ0 is the permittivity of vacuum, A and d 
are the coating area and thickness, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.2. Schematic diagram of the double layer [118] 
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Additional elements were developed and applied to describe complex electrochemical 
phenomena, such as constant-phase element (CPE) and Warburg diffusion element [114]. 
CPE is an element used to represent a frequency independent distribution. The definition of 
CPE is shown as follows: 
                         𝑍(𝜔) = 1
Q(j𝜔)α                             (3.8) 
where Q is a numerical value, which depends on the empirical constant α. When α = 1, Z(𝜔) 
describes the impedance of capacitance, and Q is an ideal capacitance (C); when α = 0, Z(𝜔) 
describes a resistor; and when α = -1, Z(𝜔) describes the impedance of inductance, and Q 
presents an inductance (L). In the common corrosion study, CPE is used in the equivalent 
circuit analysis in several situations, to describe (1) using a rough, fractal electrode [119], (2) 
a non-uniform double layer region [118], (3) inhomogeneous reaction rates on the surface 
[120], (4) a varying thickness or composition of a coating [121] and (5) non-uniform current 
distribution [122]. 
The Warburg element is used to model diffusion. Two different Warburg elements WO 
and WS were developed to describe unlimited (infinite) and constrained (finite) conditions of 
diffusion, respectively. Under the infinite diffusion layer, the definition of Warburg 
impedance is: 
                          𝑍 = Rd
�(j𝜔)                                (3.9) 
where Rd is the diffusion resistance. Under the assumption of a finite diffusion, the 
impedance produced by the diffusion of species in the electrolyte follows the equation below: 
                      𝑍 = Rd tanh�(j𝜔)τ√τ                             (3.10) 
where τ = δ2/D is the diffusion time constant. δ is diffusion layer thickness and D is the 
diffusion coefficient.    
Inductance (L) is an element which is attributed to the relaxation reactions or adsorption 
processes to produce intermediate reaction products [69,116]. The impedance of inductance 
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is  
                          𝑍 = j𝜔𝐿                                (3.11) 
From the above equation, inductance is dependent upon frequency. Similar to capacitance, 
inductance provides only imaginary impedance. Inductance is usually used to describe 
adsorption processes [114]. A metal (M) dissolves through an adsorbed intermediate (Iads) 
following the equation 3.12, which reacts in a second electrochemical step (equation 3.13) to 
form the final product P [114]: 
                        M → Iads + e-                               (3.12) 
                         Iads → P+ e-                                             (3.13) 
The above section described the elements commonly used to design an equivalent circuit 
and simulate an electrochemical system. Unobserved electrochemical mechanisms occurring 
during the process can be easily revealed and studied by the EIS method. Based on the 
powerful and versatile EIS technique, Parfenov and Yerokhin have developed an in-situ 
impedance spectroscopy (ISIS) technique which can be used to investigate the mechanisms of 
the phenomena occurring during the PEO process. This can facilitate process control in PEO 
treatment.     
3.2 In-situ impedance spectroscopy technique 
Parfenov et al. [123] developed and applied the frequency response method to study the 
PEO process. It can be used for both process control and diagnostics. Two signal modes were 
employed, such as the small and the large signal mode. The small signal mode is a common 
linearization of the system under a DC polarisation system which is analogous to the EIS 
method; the large signal mode is used for the system identification under AC and pulse 
current regime. In their next paper [112], a new method of in-situ impedance spectroscopy 
(ISIS) is developed and proven to be useful to investigate the micro-discharge mechanism 
during the PEO process. By using the ISIS method, specific phenomena and mechanisms of 
PEO can be investigated in more detail.  
 3.2.1 PEO processing setup for ISIS studies 
The fundamental theory underpinning the ISIS method is basically the same as for the 
traditional EIS technique but the method is applied in-situ during the PEO process, using a 
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frequency sweep of bipolar voltage pulses from 20 Hz to 20 kHz. The PEO equipment setup 
for application of the ISIS method is shown in figure 3.3 [125].    
The power supply is important because the characteristics of the PEO process are 
dependent upon the characteristics of the power supply [123]. The following three types of 
power supplies can be used [125]: (1) A linear power supply circuit, which requires having an 
output power transistor operating in a linear mode and controlled from a sine wave generator; 
(2) an electric machine converter, for which the power supply should have a motor and an AC 
generator on one shaft rotating at a controlled frequency; (3) a switching power supply, which 
can provide a high efficiency of power conversion with pulsed output voltages smoothed by a 
low pass filter. 
Fig. 3.3 Configuration of power supply, PEO treatment equipment electrolyser and data 
acquisition system 
The modern switching power supply equipment was suggested for the PEO treatment, 
because the treatment could be more effective in pulsed modes and would provide better 
surface properties than the linear one [53]. In this work, the power supply consists of two DC 
units with 10 and 20kW spectrum which are controlled via a pulsing unit with specially 
developed software. The switching features of the power supply are used to produce a bipolar 
pulse squared waveform which is similar to that of a sine wave. Another advantage is that the 
auxiliary port is included to introduce control pulses from an external pulse generator, which 
means the frequency swept signal can be produced from the external source [125]. The 
development of appropriate waveforms for the frequency response studies is addressed in the 
next section of this chapter. 
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The signal with the appropriate waveform is chosen as the input source; in turn, the 
response output signal is then received by a PC based data acquisition system. The collected 
data then undergoes a post-treatment and is transformed to a required form for presentation. 
 3.2.2 Frequency response method  
In the frequency response (FR) technique, two modes are used for direct identification, 
i.e. the small and the large signal mode, as shown in figure 3.4 [123]. The large mode 
provides AC magnitude which is comparable with the DC one. This current mode enables 
identification of PEO systems that work in AC, pulse or pulse reversed regimes, providing 
conditions of dynamic breakdown. The small signal mode employs AC perturbation for 
which the magnitude is significantly less than the DC one. This approach is similar to the 
conventional EIS technique employed to a biased system in a linear region of the current 
voltage diagram. 
Ideally in the ISIS method, a sine wave of AC current mode should be chosen. However 
this is technically difficult to achieve using the equipment suitable for PEO processing. With 
the pulsed power supply; the voltage waveform can be setup to provide a close approximation 
of the implied sine wave, by adjusting the durations and magnitudes of the voltage pulses and 
durations of the pauses between them. The complex function to investigate the impedance of 
the PEO process can be expressed as follows [123]: 
                       ?̇?(j𝜔) = Z(𝜔)𝑒𝑗𝜑(𝜔)                        (3.14) 
where ω is the radian frequency, Z(ω) and φ(ω) are the impedance magnitude and the phase 
angle as functions of frequency; j = √−1. The value of Z is defined as the absolute value of 
the frequency-dependent impedance (at the frequency of interest ω) and can be calculated by 
the value of voltage U(ω) divided by current I(ω): 
                           Z(𝜔) = 𝑈(𝜔)
𝐼(𝜔)                             (3.15) 
The definition of phase angle φ is the frequency-dependent phase shift (at the frequency of 
interest ω) between the voltage u(ωt) and current i(ωt) sine waves, which can be expressed  
as follows [123]: 
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                𝑢(𝜔𝑡) = UAsin(𝜔𝑡 + 𝜓𝑈)                     (3.16a) 
                        𝑖(𝜔𝑡) = IAsin(𝜔𝑡 + 𝜓𝐼)                 (3.16b) 
                             𝜑 = 𝜓𝑈 − 𝜓𝐼                       (3.16c)  
The ISIS method can be applied to investigate the PEO process using this frequency 
response approach. Early application of the ISIS method and the comparison with the low 
voltage EIS technique have been presented by Parfenov and Yerokhin [112]. In their 
conclusions: (1) the results from ISIS are similar to those obtained by EIS for both thin and 
thick coatings; (2) a similarity between ISIS and EIS is found at the high frequency range (5 
kHz~20 kHz); (3) the main difference is in the lower frequency region (1 Hz ~5 kHz), which 
is believed to be associated with the influence from PEO process itself. Therefore, the 
feasibility of ISIS method has been proven. Further accuracy verification of the developed 
method along with linearity evaluation of the processes studied will be discussed in the 
following sections.  
In this work, PEO treatments were carried out in a bipolar pulse current mode with 
frequency logarithmically swept from 20 Hz to 20 kHz every 0.48 s. The selected frequency 
range is due to the limitation of the data acquisition card and the minimum duration (5μs) of 
the step of the plus waveform. As shown in figure 3.5, a DC superimposed AC waveform 
was chosen, with square pulses controlled by an external waveform generator to investigate 
the effects of electric field, electrolyte characteristics and coating morphologies during the 
PEO process. At the initial stage, under all conditions, the voltage increased to reach the 
pre-set value (547 V) in the ramp time of 15sec. 
Fig. 3.4 Two modes of frequency swept voltage waveform for frequency response studies of 
the PEO process (a) large signal and (b) small signal. 
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Fig. 3.5 Characteristic voltage and current waveforms during the PEO treatment of Al (a) 
small signal (Vdc = 316.5 V and Vac = 230.5 V) [124], (b) large signal (Uav = 265 V and Um 
= 385 V) [112]. 
(a) 
(b) 
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3.2.3 Evaluation of PEO system linearity and noise 
Similar to the EIS technique, the system studied by the ISIS method should satisfy the 
requirement of linearity. ISIS is based on the frequency response method in which the studied 
object is treated as a linear time-variant system with slowly evolving parameters, which can 
be considered time invariant within a very short period of time (typically several seconds). 
Yerokhin and Parfenov tested and verified the linearity of the PEO system to justify the 
application of ISIS method for modelling of the PEO process [125]. From their research, it 
follows that the system non-linearity may affect the impedance spectra especially in the lower 
frequency region. This can also be contributed to by the noise in the system, which would 
further affect whole the impedance spectra.  
In the linear systems theory, if the internal structure of the system which is treated as a 
black box are linear and stable, then the output is a linear function of the input perturbation 
signal. Therefore, the output must contain the same harmonic content as the input. From the 
previous sections, the voltage waveform provides a close approximation of the implied sine 
wave. The harmonic parameters such as magnitudes of AC and DC input signal components 
were used instead of explicit pulse parameters as frequency, positive and negative voltage 
pulse magnitudes and duty cycles [123]. The appropriate pulse waveform can be developed, 
with given parameters of AC and DC components. The implied sine wave is described as: 
                    U(t) = U0 + U1sin(𝜔𝑡)                        (3.17) 
where U0 and U1 are the components of DC and AC, respectively. The phase angle of the AC 
components is zero. The pulse approximation can be described by Fourier series as [123]: 
            U�(t) = U0 + ∑ Unnn=1 sin(𝑛𝜔𝑡 + 𝜓𝑛)                (3.18) 
where Un and ψn are the magnitude and the phase angle of the nth harmonic. The phase angle 
of the first harmonic is zero [123]. If the system under the impedance test is linear, then the 
output I(t) of the system operator G{·} must process the same harmonic. which is: I(t) = G{U0} + G{U1}sin(𝜔𝑡 + 𝜓1) + G{U2}sin(2𝜔𝑡 + 𝜓2) +
⋯G{Un}sin(𝑛𝜔𝑡 + 𝜓𝑛) 
From the definition of the linear system, the harmonic sine functions are the 
(3.19) 
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eigenfunctions of the Fourier transform, and they appear outside of the system operator in 
(3.19). Therefore, the system linearity can be estimated in the frequency domain following 
the linearity property of the Fourier transform. 
This linearity check was applied in the ISIS method when investigating the PEO process. 
More details of the experimental procedure and the results of linearity testing for the studied 
PEO process are discussed in section 3.2.5.  
 
 
Fig. 3.6 An example of a Fast Fourier Transform spectrum for implied sine wave (circles) and 
its pulse approximation (crosses) [123]. 
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3.2.4 Accuracy verification of the ISIS method 
In the previous section, the linearity verification of the ISIS data has been discussed. For 
the accuracy verification, simple experiments were carried out using linear circuits composed 
of resistors and capacitors as shown in figure 3.7(a). These tests were designed with a simple 
circuit (figure 3.7(b)), for which several resistors were connected in series to achieve the net 
resistance at R1= 22Ω and R2= 143Ω, and several capacitors were connected in parallel to 
achieve an RC loop with total capacitance of 0.67, 1 and 2μF. The characteristics of the 
power supply and the current mode in these experiment were exactly the same as the PEO 
treatment, except for the test duration which was 5 minutes, to ensure statistical significance 
of the data recorded.    
 
 
 
 
Fig 3.7. The experimental device with resistors and capacitors for in-situ IS program testing. 
 
To confirm that the test results are accurate, the fitting results in both the complex and 
Bode plots and the error analysis were performed using Zview software. Figure 3.8(a) 
represents the results of ISIS tests of the linear circuit with R1 = 22Ω, R2 =143Ω and C1= 
(a) 
(b) 
R1 R2 
C1 
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0.67μF. The five curves present the impedance data recorded every minute during the test. 
The three dimensional Bode plots on the left illustrate how the impedance spectrum changes 
with time, indicating a very stable behaviour of the linear system under the test. The fitting 
results and the errors are shown in figure 3.8 (b) and (d). Comparison of the impedance 
spectra obtained by the ISIS method with the fitting result, shows that the fitting spectra 
match well with the experimental data points, but slightly deviate from the splined data in 
both the complex and Bode plots. This deviation is however negligible, because of the fitting 
errors are all lower than 1% .    
Figure 3.9 and 3.10 show the results of ISIS tests and the fitting using a Zview software 
of the linear circuits with two different net capacitances of 1 and 2μF, respectively. 
Comparing the data for all capacitances, the impedance spectra in the complex plot are 
similar. However in the Bode plots, the inflection points of impedance modulus and 
corresponding phase angle peaks are moved towards lower frequency region with the 
increase in capacitance. The comparison between the results of ISIS tests and the fitting 
results for the circuits with 1 and 2μF capacitance is similar to that with 0.67μF, yielding 0.5 
~ 1% error.      
To discuss the discrepancy between the results from the ISIS method and the fitting 
result, the following points should be made. First of all, R1 from the fitting value (R1fit) is 
slightly higher than the nominal value (R1n) under all capacitance conditions. Secondly, the 
value of R2fit is around 3~4Ω lower than R2n. Thirdly, C1fit is about 20% bigger than C1n 
under all capacitance conditions. However, the Cn has its own 10% standard deviation 
mentioned on the capacitors. A possible reason for the discrepancy is a gradual temperature 
increase due to the Ohmic heating during the testing. The initial temperature of the circuit is 
around 25℃, but it reached around 110℃ by the end. The values of resistances and 
capacitances changed with the temperature. Usually, the capacitances increase and resistances 
decrease with increasing temperature. During the PEO treatment, the temperature effects can 
be avoided by controlling the electrolyte temperature using a cooling system. The noise of the 
system can be the other cause of the discrepancy. The noise is an inevitable phenomenon in 
the method used and will be evaluated and discussed in the following section.  
From the accuracy verification, the accuracy of the ISIS method has been evaluated to 
be 99%. The error can be reduced by controlling the electrolyte temperature during the PEO 
process.      
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Fig. 3.8. Accuracy verification of ISIS method using a linear circuit with the net resistance 
and capacitance of 165(Ω·cm2) and 0.67(μF/cm2), respectively: (a) results from ISIS method, 
(b) fitting by Zview software, and (c) fitting value and errors. 
(a) 
(b) 
(c) 
R2 R1 
C1 
Element Freedom Value Error Error % 
R1 Free(+) 22.5 0.079813 0.35472 
R2 Free(+) 140.4 0.19428 0.13838 
C1 Free(+) 8.4541E-7 2.369E-9 0.28022 
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Fig. 3.9. Accuracy verification of ISIS method using a linear circuit with the net resistance 
and capacitance of 165(Ω·cm2) and 1(μF/cm2), respectively: (a) results from ISIS method, (b) 
fitting by Zview software, and (c) fitting value and errors. 
(b) 
(a) 
(c) 
In-situ IS test (165Ω & 1μF) 
R2 R1 
C1 
Element Freedom Value Error Error % 
R1 Free(+) 22.22 0.23365 1.0515 
R2 Free(+) 140.6 0.65373 0.46496 
C1 Free(+) 1.1592E-6 1.0508E-8 0.90649 
Frequency (Hz) 
Frequency (Hz) 
|Z
|(Ω
/c
m
2 )
 
th
et
a 
(°)
 
10 0 10 1 10 2 10 3 10 4 10 5 10 6 
10 0 
10 1 
10 2 
10 3 
10 0 10 1 10 2 10 3 10 4 10 5 10 6 
-50 
-40 
-30 
-20 
-10 
0 
10 
0 50 100 150 200 
-150 
-100 
-50 
0 
50 
Z'(Ω/cm2) 
Z'
'(Ω
/c
m
2 )
 
 
Spline data 
 
Fitting result 
Experimental data point 
Chapter 3 Methodological Approaches to the Modelling of PEO Processes 
64 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.10 Accuracy verification of ISIS method using a linear circuit with the net resistance 
and capacitance of 165(Ω·cm2) and 2(μF/cm2), respectively: (a) results from ISIS method, (b) 
fitting by Zview software, and (c) fitting value and errors. 
(a) 
R2 R1 
C1 
Element Freedom Value Error Error % 
R1 Free(+) 22.34 0.097931 0.43837 
R2 Free(+) 141.5 0.5739 0.37881 
C1 Free(+) 2.5188E-6 1.202E-8 0.47709 
(c) 
In-situ IS test (165Ω & 2μF) 
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3.2.5 Data validation for impedance modelling of PEO process 
In this section, evaluation of the system linearity and impedance estimation in the 
frequency domain are discussed. This justifies the application of the ISIS method to the PEO 
process as a properly linearized object. Two experiments were set up for testing the linearity 
of ISIS data, such as (1) the linear RC system discussed in the previous section, and (2) the 
PEO process of Al operated under intensive sparking mode at UDC = 265 V and UAC = 385 V.  
Figure 3.11 represents the testing results. In the linear RC system, the average noise and 
nonlinearity are about 3 and 11%, respectively. The maximum of noise and nonlinearity are 
observed at the maximum value of phase angle and the highest slope of the impedance 
modulus curve as shown in figure 3.11(a) and (b). The noise is relatively higher in the PEO 
system (5.6%) but still under 10% for this complex environment. The maximum of noise and 
nonlinearity were varied between 5 and 15%, and also observed at the same location in the 
linear RC system as shown in figure 3.11(c) and (d).     
The FR linearity program, the purpose of which is data validation for subsequent 
modelling, was developed and added in the package which enables implementation of the 
ISIS method, which the linearity property of the system. Figure 3.12 shows the results of the 
system linearity evaluation for the PEO process operated under a parallel-equidistant electric 
field. From the figure, it is clearly seen that the maximum error of impedance modulus at 
about 10% is observed below 200 Hz. The spectrum-average estimate of the system linearity 
is 95%, and relatively higher nonlinearities are observed at high and low frequency ends at 
the spectrum. This allows the PEO process to be treated as properly linearised object.    
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Fig. 3.11. Impedance modulus and phase angle spectrum estimates from time domain (○) an 
frequency domain (□) approaches applied to the frequency swept signals with UDC=265 V 
and UAC=385 V for parallel RC circuit (a), (b) and for PEO process (c), (d) at t=20 min. 
Noise (×), noise and nonlinearity (*) estimates are also shown. 
 
 
(d) (c) 
(b) (a) 
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Fig. 3.12. The screenshot of 'Frequency Response Linearity Check Tool' interface, showing 
results of impedance data evaluation for the parallel-equidistant conditions of the PEO 
process, (a) 2D, and (b) 3D presentation. 
 
(b) 
(a) 
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 3.2.6 Data processing with post-treatment 
Initial analysis of the original files containing as recorded current and voltage signals is 
performed using a dedicated program (FR analysis) which operates in a Matlab environment. 
FR analysis also presents the received data in the form of Bode plots for quick viewing. Then 
the linearity check tool is used to validate the impedance data for subsequent modelling. The 
data are then processed by a "FR smooth program" to refine the phase, reduce noise and 
smooth data. In the last step, the FR spline program is used to transfer the data in the form 
suitable for modelling. In here, the first two steps belong to the data processing and the others 
relate to the post-treatment. As a result of the step by step processing, the data can be 
subjected to conventional EIS analysis.        
3.3 COMSOL-Mutiphysics modelling 
To understand the current distribution in the electrolyser during the PEO process, a 
COMSOL modelling software package was used. It also helps to understand the distributions 
of electric field and current density during the PEO process. COMSOL was also used to 
model the net resistance of the electrode for one of the boundary conditions of impedance 
spectra (R∞) under different PEO treatment conditions such as different electric field 
distributions and the electrolyte characteristics in this work.     
 3.3.1 Introduction of COMSOL 
COMSOL – Multiphysics Model package is a high performance finite element analysis 
software, which can be easily setup to solve several simple physical models both individual 
and jointly including chemical and plasma processes. COMSOL has now been widely applied 
in many fields of electrical and chemical engineering, heat transfer, earth science, MEMS, 
and a structural mechanics. It also provides a specific web-based database, containing 
examples, problem solutions, knowledgebases, technique support, and even publications 
search, which is beneficial for scholarly communication. 
Chapter 3 Methodological Approaches to the Modelling of PEO Processes 
69 
 
 3.3.2 Finite element method 
The finite element method (FEM) is a numerical solution method based on breaking 
down a complicated object (strong form) into smaller parts (weak form) which are easy to 
control, [126,127]. The complicated object can be divided into triangles, tetrahedrons, and 
hexahedra, that create a mesh. Therefore, the complicated object is now reformulated with 
meshes. In the new formation, the partial differential equation is called a finite element. The 
strong form has to be divided because the field variables are required to be continuous and 
have continuous partial derivates up through the order of the equation. The weak forms have 
the same but relatively weaker constraint conditions, which are discontinuities and integrable. 
This is also the requirement in mathematics [126]. Figure 3.13 shows an example of the finite 
element mesh for circle.  
   
 
Fig. 3.13 Finite element mesh for circle object (subdivided into 548 triangles). 
To compare the finite element method with the well-known finite difference method 
(FDM), the FEM discretises the solution by expanding the solution with a piecewise 
polynomial function, whereas the FDM discretises the equation by replacing the differential 
operators with finite difference. In object analysis, the FDM is much easier to apply and 
calculate, but it is relative complex and setup software/programs are required for the FDM 
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method. The major advantage of the FEM is that the finite element mesh can easily treat  
complex geometries, which may lead to problems in the case of FDM. 
COMSOL is a modelling software that can solve multi-physics problems, which makes 
it an appropriate method to model complicated mechanisms underlying the PEO process. In 
this study, COMSOL was used to model the resistance of the electrolyte and the distribution 
of electric field and current density under different geometric conditions.     
3.3.2 Model setup in COMSOL 
In this study, a relatively simple COMSOL model was considered to assist observation 
of the electrolyte resistance, as well as distributions of electric field and current density under 
different types of electric field determined by different cell geometries.  
Here, the parallel type of electric field condition with equidistant electrode layout was 
selected as the sample for presenting the model geometric setup (fig. 3.14). For modelling the 
electrolyte resistance and the distribution of electric field and current density, a real size 
model geometry was setup. The physical model was setup in Conductive Media DC module 
with built-in equation for the sub-domains: 
                   –∇⋅d(σ∇V-Je)=d⋅Qj                      (3.21) 
where d is the thickness of electrolyte, σ is electric conductivity of electrolyte, V is voltage, Je 
is external current density, and Qj is current source. In this work, the value of σ was setup as 
0.606 S/m; V was setup in boundary domain; Je and Qj were assumed 0 (no external current 
density and current source ) and d was keep as 1. In the boundary domain, the electrolyser 
was setup as an electric insulator; counter electrodes were setup as V=0; and the working 
electrode was set as V=500V to simulate a 500V voltage drop between the electrodes. In the 
point domain, to avoid the point discharge phenomena, all the points were set as 0V. Finally, 
the overall electrode area was set as a constant 0.01327m2. All parameters were setup with 
the same values in all conditions of electric field and cell geometrics besides the shape of the 
electrodes. The results of modelling and the discussion are presented in Chapter 4, which 
deals with the investigation of effects of electric field on impedance characteristics of the 
PEO process.       
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Fig. 3.14 The overhead view of the electrolyser in the model domain with boundaries 
corresponding to the working electrode, counter electrode, electrolyte, and electrolyser walls. 
 
3.4 Coating characteristics and morphology study 
 Scanning Electron Microscopy (SEM) is an indispensable method for characterisation 
of produced coatings. A JEOL-6400 is used to observe the coating morphology after the PEO 
treatment. From SEM images, the structure of PEO coating is studied to understand the 
effects of different treatment parameters when investigating the PEO process with the ISIS 
technique, a cross-section image of the coating is required to assist development of the 
equivalent circuit, and justify the meaning of circuit elements. For the electric field 
distribution study, both surface and cross-section images are needed to provide statistical 
characteristics of the coating layers, such as thickness, roughness, porosity, etc.  
EDS is used to analyse the coating composition and sometimes to identify the unknown 
particles. EDS mapping is employed to investigate the distribution of passivating agents 
across the coating thickness. 
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3.4.1 Thickness measurements 
The Elcometer 355 modular thickness gauge system equipped with standard No. 4 
Anodisers probe provide a non-destructive method for coating thickness measurement in this 
work. The accuracy of the measurement is about ±1 μm. The is based on generation of a 
small electromagnetic field in the probe. When the probe is pressed on a dielectric coating 
surface, it induces an eddy current in the conductive substrate, which results in a field that 
can be measured by the probe. Based on the intensity of the signal, the range of the measured 
thickness varies from 1 to 1000 μm. Before using this equipment, determination at the 
baseline (a zero point) of the instrument with a standard reference substrate and calibration 
with standard films of known thickness are necessary. Usually, ten to twenty measurement 
are taken in random location to evaluate the average coating thickness with a standard 
deviation (±0.1 μm). It should be noted that the porosity in the conductive substrate can cause 
a significant error, but it is not a common case. Some shapes of the sample are not suitable 
for this equipment because of insufficient surface area for the probe. To confirm that the 
thickness measurements are accurate, cross sectional SEM images of the coated samples are 
used. 
 3.4.2 Coating morphology study 
SEM is of a specimen common method to observe the topography, chemical 
composition, and microstructure, which utilised a focused beam of high-energy electrons to 
generate a signal at the surface of a solid object [128,129]. Among the limitations of SEM, 
the magnification range is usually between 20X to 30000X, which means the size of sample 
is limited 10 to 5×10-6mm [128,129]. Samples must be stable under the vacuum environment 
to about 10-5~10-6torr, which means that the types of sample are usually limited to a dry solid 
without gas evaporation. In the preparation, all samples were addressed with several steps, 
such as sectioning, cold mounting, and polishing. Samples were also sputter-coated with 
carbon to avoid surface charging, because of the low conductivity of the PEO coatings.  
In this work, A JEOL JSM 6400 SEM was used for electron microscopy. This was 
operated at 15 to 20 kV and with the samples positioned at a working distance of 15 mm.  
Secondary electrons and backscattered electrons are used to study the sample morphology 
and topography in both surface plane and cross-section, and for illustrating contrasts in 
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composition in multiphase samples [129]. An energy dispersive X-ray spectroscopy (EDS) 
detector attached to the SEM instrument is used to determine and quantify the coating 
composition. The function of EDS mapping is used to study the distribution of elements on 
both surface and cross-sectional images. 
3.4.3 Investigation of coating characteristics 
Both surface and cross-section SEM images are analysed using ImageJ and 
ZEISS-KsRun software to determine the coating characteristics. ImageJ is a Java-based 
image processing program which is in the public domain from National Institute of Health 
and was created by Rasband [130]. By using these softwares, the coating characteristics, such 
as coating thickness, pore size, porosity, surface roughness, interface roughness and true area 
of the coating surface can be measured. These characteristics are used in the study to provide 
a better understanding of impedance behaviour in ISIS experiments and compare results 
obtained under various experimental conditions.  
3.5 Fractal analysis method 
While SEM and morphology processing programs are used to analyse the characteristics 
of coating morphology, fractal analysis is another method employed to evaluate the fractal 
dimensions of the coating morphology.  
Fractals are defined as rough or fragmented shapes of geometric parts, which can be 
subdivided as several pieces and each of them is a reduced copy of the original one [131]. 
Fractals are usually used in the investigation of natural landscapes in geology and complex 
geometries in mathematic. Due to the crinkly and uncommon shape of the fractals, it is 
difficult to make measurement by conventional methods. Therefore, fractals are often 
characterised by their fractal dimension. Fractal dimension is very often a non-integer 
number with the range of 1~3 to describe the fractals, which measures and determines the (1) 
irregularity, (2) boundary fragmentation degree and (3) differs from Euclidean objects (point, 
line, plane, etc.) of each fractal [131].    
Fractal analysis is a method to evaluate fractal behaviour and fractal dimension from 
images, that is, complex graphics or multi phase images can be transformed to a simple value 
(fractal dimension) for investigation and comparison. In 1984, Mandelbrot et al. [132] 
showed that the fractal study is applicable to studies of materials surfaces in scale of 
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micrometer, and the method called "Slit island analysis" has been developed. After that, 
fractal dimensions of surfaces have been widely studied in fractography [132-133]. A box 
method is another technique to establish the fractal dimension, from black and white images 
[131,134,135]. This method uses squares (boxes) to cover all fractals in the images, then the 
box size distribution is divided. Therefore, the slope of the distribution line is referred to as 
the box dimension [131], which is used as an appropriate of fractal dimension. Currently, the 
box method of determining the fractal dimension is very common in several fractal analysis 
software. Here, Fractal3e analysis software [136] is the fractal analysis program chosen in 
this work. 
When applying the EIS method to the investigation of coatings, in most cases, the 
distributed properties are modeled by constant phase elements (CPE) that can be associated 
with different factors, including variable coating thickness, morphology and composition. 
The method of fractal analysis can also be used to investigate the coating properties, such as 
porosity, pore size and even roughness [138,139]. In 1985, Nyikos and Pajkossy published a 
paper [137] about relation of the fractal dimension to the CPE-P value in equivalent circuits 
used to simulate EIS data. Risovic et al. [134, 140, 141] compared fractal dimensions of 
microstructure from SEM images with the study of roughness and porous surface by using 
electrochemical impedance spectroscopy. It was found that the fractional dimensions derived 
from gray-scale image analysis are only slightly higher than the CPE-P values obtained by 
equivalent circuit fitting of the EIS data. This study demonstrated that the correlation between 
the CPE-P value and fractal dimension of the object is possible to trace, although with a 
limited degree of accuracy. In principle, this approach can also be applied to the ISIS 
experiments to separate the effects of coating morphology and electric field distribution in the 
impedance spectra.  
3.6 Ultra High-Speed Imaging (UHSI) 
During the PEO process, individual discharge events evolve in a very short time frame 
(around 10-4~10-5 s). Therefore, a specialised ultra-high speed imaging multi-channel (SIM) 
framing camera (fig. 3.15) is used to take images of discharge events at a rate of up to 10-9s 
(fig. 3.16). Up to 16 separate channels were used to take the images at once, with delay time 
between the channels and exposure time for each channel. The images from SIM already 
include the information of coordinates and an arbitrary value of relative intensity in a *.TIF 
file. By using this instrument, the behaviour of discharge events can be investigated in detail 
for different time scales.  
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A special image analysis program was developed to investigate characteristics and 
behaviour of individual discharge events. Several functions are incorporated in the program 
analyse the image downloaded in the *.TIF file, including zoom in/out, Gauss fitting with R2 
and transfer from pixel to μm. Discharge characteristics included intensity, peak shape 
determined by Gauss fitting, discharge location, location of maximum intensity, and full 
width at half maximum (FWHM). The program interface is shown in figure 3.17. This 
program facilitates investigation of the behaviour of the discharge.    
 
 
 
 
 
 
 
Fig. 3.15 A Specialised Ultra-High Speed Imaging Multi-Channel SIM-16 Camera. 
Fig. 3.16 An example of images of discharge events occurred on Al from muiti-channel 
framing camera. 
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Fig. 3.17 The PEO discharge analysis program interface. 
By applying the above methods and devices, the aim and objectives of this work can be 
pursued. The effects of electric field distribution in electrolyser and the effects of electrolyte 
temperature and conductivity on characteristics of PEO process will be investigated using the 
ISIS method together with COMSOL Multiphisics software package. Ex-situ EIS analysis 
will be used to compare impedance spectra with ISIS results. Fractal analysis will assist in the 
study of the effects of coating morphology on impedance spectra and the specialized imaging 
multi-channel (SIM) framing camera - for real-time observation of discharge events. Finally, 
the FFT analysis of high-resolution current signals will be applied to study the information on 
individual discharge events. Based on these studies, in depth investigation of the 
characteristics of PEO process can be carried out. 
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Chapter 4 
Effects of Electric Field Distribution 
on the Process of PEO of Al 
Electric field distribution in the electrolyser is one of the main factors affecting the PEO 
treatment, but has been seldom discussed. From electrochemical standpoint, it influences the 
current density distribution and therefore electrochemical reaction rates at the electrode 
surfaces. This could lead to differential coating growth rates in different locations on the 
sample surface, affecting local thickness, morphology and ultimately, the performance of 
PEO coatings. Observation of the evidence of such behaviour in situ, during the PEO 
processing, is therefore of great scientific and practical importance. In this study, various 
electrode configurations are employed to provide cells with different equidistant and 
non-equidistant geometries, and characteristics of frequency response from such cells are 
studied using the ISIS method. 
4.1 Introduction  
As discussed in section 3.2, in-situ impedance spectroscopy is a new method to acquire 
fundamental characteristics of plasma electrolytic oxidation (PEO) processes. In this 
technique, a variable frequency voltage waveform is used as a perturbation signal to obtain 
impedance characteristics of the electrolyser during the PEO processing. Yerokhin and 
Parfenov et al. have demonstrated feasibilities of this technique when operating in both the 
large and the small signal PEO modes [123,124]. It was however noticed that electric field 
distribution in the electrolyser may have significant effects on characteristics of the 
impedance spectra. To comprehend these effects, PEO processes are studied here in different 
cell geometries. 
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During the experiments, the voltage and current waveforms were acquired and processed 
using specially developed software to derive characteristics of impedance, magnitude, and 
phase angle. To assist data analysis, the characteristics were refined to eliminate 
process-inherent wild points and noise, as well as to smooth and convolute data. The detail of 
data processing and post-treatment is in section 3.2.4. The COMSOL software package was 
used to model and represent the distribution of electric field in the cells; these distributions 
were then correlated with immittance in the PEO electrolyser obtained by impedance 
spectroscopy. The fundamentals of COMSOL modeling and the detail of model design are 
provided in section 3.3. The modeling results in the form of the net electrolyte resistance are 
then compared between the cells with (1) uniform, converging and diverging electric fields; 
(2) non-equidistant and equidistant electrode layouts. Effects of different electric field 
conditions on the characteristics of coating morphology, such as thickness and porosity are 
discussed. 
4.2 Experimental set-up and investigate methods 
To investigate the effects of electric field distribution on the PEO process, the 
experiments were designed to provide distinct electric field distribution. In-situ impedance 
spectroscopy [112] was chosen as the main research method. Several complimentary methods 
were also selected: (1) COMSOL modeling - to evaluate the net electrolyte resistance as the 
boundary condition of impedance spectra for different inter-electrode layouts, and to observe 
the distribution of electric field and current density in the electrolyters; (2) Electron 
microscope analysis - to study the characteristics of coating morphology affected by various 
electric field conditions. 
4.2.1 Sample preparation and the set-up of the electrode layout 
To provide different types of electric field distribution, 6082 aluminum alloy (0.6% Mg; 
0.7% Mn; 1% Si; and Al balance) samples of three different shapes with the same surface 
area (~1000 mm2) as wire, rectangles and disks were selected. These three shapes were 
chosen to provide converging, parallel and diverging electric fields in the electrolyser, 
respectively.  
 Rectangular samples 22mm × 22mm × 1mm in size had both main surfaces preliminary 
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polished up to Ra ~ 0.1µm. Two stainless steel plates of the same surface area were chosen as 
counter electrodes and located on each side of the samples. The inter electrode distance set up 
for equidistant and non-equidistant systems is shown in Figure 4.1b. Wire samples with 
length 133mm × diameter 3.3mm were used as supplied with Ra ~ 1µm. A stainless steel 
cylinder with same length was located around the wire samples to provide converging electric 
field. In the equidistant condition, the wire sample was located in the middle of the cylinder, 
and displaced towards one side, for non- equidistant condition, as shown in Figure 4.1a. Disk 
samples with diameter 35.2mm × thickness 2.5 mm were preliminary polished to achieve Ra 
~ 0.1µm. The threaded stainless steel wire was used as a counter electrode on the middle and 
at the edge of Al disks to provide equidistant and non-equidistant conditions, respectively 
(Figure 4.1c). The surface area of the counter electrodes was chosen twice or more the 
surface area of Al samples. Details of the electrode layout in all electric field conditions are 
presented in Table 4.1.    
The electrolyte was composed of 1 g/l KOH, 2 g/l Na4P2O7·10H2O, 2 g/l Na2SiO3. The 
PEO treatments were carried out in a 2-litre glass beaker equipped with cooling and agitation 
systems. During the treatment, the electrolyte temperature was maintained at ambient 
conditions. 
 
Table 4.1. Experimental design of the electrode layout for different electric field conditions 
Electric field type 
Electrode layout 
Equidistant (mm) 
Non-Equidistant (mm) 
Short / long 
Converging ~35 17.5 / 50.5 
Parallel 34 25 / 43 
Diverging 16 7 / 25 
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Fig. 4.1. Equidistant (left) and non-equidistant (right) cell geometries accepted in the 
experiments to provide different types of electric field (a) converging – wire samples, (b) 
parallel – rectangular samples, (c) diverging – disk samples. 
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4.2.2 In-situ impedance spectroscopy 
In this study, In-situ impedance spectroscopy is chosen as the main method to 
investigate the effects of electric field distribution on the process of PEO. The experimental 
equipment system follows the previous work [123]. The PEO treatments were carried out in a 
bipolar pulse current mode with frequency logarithmically swept from 20 Hz to 20 kHz every 
0.48 s. Specially designed rectangular pulses simulating a DC superposed AC waveform 
(presented in section 3.2.2 and figure 3.5) were chosen and controlled by an external 
waveform generator.  
The frequency response data were acquired throughout the treatment, for which the 
duration τ was fixed at 15 min. After the PEO treatments, the acquired voltage and current 
waveforms were processed using a specially developed refining software to eliminate 
process-inherent wild points and noise, as well as to smooth and convolute data. This also 
allows to provide boundary condition and resistance of the electrolyte as well as normalise 
the data over the sample surface area to eventually derive characteristics of impedance, 
admittance, and phase angle. Obtained in such way, impedance spectra were supplied for 
further analysis and simulation using equivalent circuit method (Zview software) in order to 
visualise and analyse the effects of electric field distribution on the impedance spectra of the 
PEO process, during PEO treatment. 
4.2.3 Distribution of electric field in the electrolyte 
For the three different types of electric field considered to investigate the effects of 
electric field on the PEO process. A COMSOL – Multiphysics Model package [126] was 
used to model the distribution of electric field, current density and resistance in the 
electrolyte. The results of modeling can assist in observation of the distribution of the above 
characteristics influenced by different electric field conditions and electrode layouts.    
4.2.4 Net electrolyte resistance evaluation 
For in–situ impedance spectroscopy investigations, the net electrolyte resistance is an 
essential input parameter, which is difficult to evaluate in the case if the whole cell is 
employed, containing electrolytes with relatively high resistance.  
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A simplified 2D DC configuration was considered. The detail of the model design and 
parameter setup are discussed in section 3.3.2. In the modeling, the electric potential and total 
current densities were evaluated and then used to calculate the electrolyte resistance by 
Ohm’s law (R= U/I). The electrolyte resistances at the surface of the Al electrode were 
evaluated and averaged for all electric field conditions. 
4.2.5 Coating evaluation 
To study the characteristics of PEO coatings formed in all conditions of electrode 
layouts, few instruments and methods were chosen. The coating thickness was measured 
non-destructively using an Elcometer 355 modular thickness gauge system equipped with an 
accuracy of about ±1μm (section 3.4.1). Fifteen measurements were taken from coating 
surface during each thickness test to get average thickness. Rectangular type samples were 
measured on both main surfaces to obtain the average thickness in the equidistant condition. 
On the other hand, two sides of rectangular surface were measured separately in the 
non-equidistant condition. Disk samples were measured in the centre and edge region in the 
equidistant condition. Three different locations were measured, such as the region near the  
counter electrode, in the centre, and the region far away from the counter electrode. Because 
of the shape of the wire samples, the coating thickness could not be measured by this 
instrument. In this case, SEM analysis was performed to study the coating thickness. 
A Jeol JSM 6400 scanning electron microscope was used to study coating morphology 
and microstructure. When employ the SEM, 10 images were taken at ×1000 magnification 
on each sample for statistical study. A ZEISS-KsRun software was used to evaluate the PEO 
coating thickness distribution in the SEM images. Twenty measurements were taken at each 
SEM imagines. The probability density of coating thickness and pore size were obtained to 
quantify morphology characteristics of PEO coatings produced under different electric field 
effect conditions. Surface and interface roughness were also measured on the two randomly 
selected SEM images per sample using the ZEISS-KsRun software. 
4.3 Modeling of Electric field distribution in the electrolyte 
To investigate the effects of electric field on the process of PEO coating formation, 
COMSOL has been chosen to model the distribution of electric field, resistance of electrolyte 
and total current density in the electrolyte under different types of electric field and electrode 
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layout. From the 2D modeling results, the background color in figures 4.2 ~ 4.4 represents 
the distribution of electrolyte resistance, which shows a clear change with location between 
the electrodes. The magnitude of the resistance of electrolyte under the converging electric 
field conditions is around 10 times smaller than under the conditions of parallel and diverging 
electric field. The difference between parallel and diverging conditions is negligible. 
The contour line represent the distribution of electric potential. The difference of the 
distribution of electric potential between equidistant and non-equidistant layout in all electric 
field conditions can be visualised from the modeling results. This is a complimentary method 
to evaluate the distribution of coating thickness.  
The arrows and streamlines represent the direction of the total current density. Under the 
non-equidistant layouts, the current density between working electrode and the near counter 
electrode is significantly higher. In figure 4.3, the direction of current goes toward both side 
of two counter electrodes. The current density is lower between the working electrode and the 
far side of the counter electrodes. In the figure 4.4, the underside of working electrode was 
designated as " insulation region", hence, no current occurs around that region. In the 
experiment, the underside of the disk samples was covered by insulated rubber tape.  
From the COMSOL modeling it follows that, the effect of different types of electric 
field distribution is significant. Therefore, the obvious differences of coating morphology, 
current evolution and impedance spectra under different electric field conditions can be 
expected especially between converging electric field and the other two conditions.    
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Fig. 4.2. The COMSOL modeling results of 2D distributions of surface: electrolyte resistance 
[Ω-m2]; contour line: electric potential [V]; arrow and streamline: total current density, in the 
electrolyte under (a) Converging - equidistant, (b) Converging - non-equidistant, layouts. 
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Fig. 4.3. The COMSOL modeling results of 2D distributions of surface: electrolyte resistance 
[Ω-m2]; contour line: electric potential [V]; arrow and streamline: total current density, in the 
electrolyte under (a) Parallel - equidistant, (b) Parallel – non-equidistant, layouts. 
(a) 
 
 
 
 
 
 
 
(b) 
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Fig. 4.4. The COMSOL modeling results of 2D distributions of surface: electrolyte resistance 
[Ω-m2]; contour line: electric potential [V]; arrow and streamline: total current density, in the 
electrolyte under (a) Diverging–equidistant, (b) Diverging–non-equidistant, layouts. 
(a) 
 
 
 
 
 
 
 
(b) 
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4.4 Current density evolution 
Since the experiments were carried out under the voltage control mode, the response of 
current was recorded using a data acquisition device with sampling rate of 0.5Hz. Figure 4.5 
shows current density evolution during PEO treatments under the conditions designed to 
reproduce all studied electric field types and cell geometries. At the initial stage, under all 
conditions, the current density increases according to the ramp time set up for the voltage 
increase to the pre-set values, which are 547 V and -86 V in this study. After the required 
voltage is reached, the current density is gradually reduced with the time of PEO treatment. 
In the results, the converging electric field provides higher current densities than other 
conditions, especially when the voltage reaches the required value, an evident current peak is 
present. Therefore, the duration of transition to the steady-state under the converging electric 
field conditions is longer. In all cases, non-equidistant geometry provides higher current 
densities than the equidistant one. At the final stage of the treatment, the value of current 
density is about 0.5 A/cm2 in the converging electric field, whereas it is about 0.1 A/cm2 and 
0.15 A/cm2 higher than parallel and diverging electric field, respectively. In the case of 
diverging electric field, it can be noticed that the discharge commences at the edge of the 
sample. The edge effects were observed in both parallel and diverging geometries, which 
affecting the current evolution. 
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Fig. 4.5. Evolution of current density with time in experiments with different electric field 
types and inter electrode layout 
4.5 Characteristics of coating morphology 
4.5.1 Thickness measurements 
The PEO coating thickness is shown in Table 4.2. Coating thickness difference between 
both sides of surface in parallel equidistant type is approximately 0.5μm, and the difference 
between short and long distance in the non-equidistant geometry is around 0.6μm. The 
difference is very small and hard to make a description of the electrode layout effect under 
parallel electric field conditions on the PEO coating thickness.  
    From thickness measurement on the coatings produced under diverging electric field 
conditions, the coating at the edge is about 0.7μm thicker than in the central area in 
equidistant layout. For the non-equidistant layout, near to the counter-electrode parts of the 
coating is 0.7μm thicker than that in the central region and the region far away from the 
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counter-electrode. However, the thickness difference is as small as its deviation, which makes 
the effect of electric field effect distribution under this condition statistically negligible. 
To compare the coating thickness between parallel and diverging electric field 
conditions, the thicker coatings were produced under the parallel electric field in both 
electrode layouts. The difference in coating thickness between parallel and diverging 
conditions is relatively obvious under equidistant layout. In both the parallel and diverging 
electric field conditions, the difference of coating thickness between the near 
counter-electrode region and the region far away from counter-electrode were similar 
(~0.6μm).  
 
Table 4.2. Coating thickness under different electric field conditions and electrode layouts 
Layout 
Electric field 
Equidistant (μm) 
Non-Equidistant (μm) 
Short / long 
Parallel 15.1 ± 1.1 14.0 ± 1.1 / 13.4 ± 1.5 
Diverging 
Centre: 10.2 ± 0.4 
Edge: 10.9 ± 0.7 
Centre: 11.5 ± 0.4 
Edge: 12.2 ± 0.7 / 11.6 ± 0.7 
 
4.5.2 SEM morphologies  
The SEM images (Figure 4.6) show the cross-sections of PEO coatings produced under 
different electric field conditions and electrode layout. For the same duration (15 min), the 
treatments performed under the converging type of electric field produced 2 times thicker 
oxide layers than others, but the difference in thickness under equidistant and non-equidistant 
layout appears to be negligible in all electric field types (Figure 4.6). 
 From the cross-sectional images, it can be seen that there are two layers in the coatings, 
even though the thickness of the inner layer is much less than that of the outer part. The 
difference in porosity of the coatings produced under the converging and other electric field 
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types is obvious. It can be seen that the coatings produced under the converging electric field 
condition have substantial amount of tiny pores with diameter ranging from 1 to 3μm though 
the outer coating region (figs. 4.6(a)-(b)), is obviously different from other samples. A small 
number of large pores (diameter < 15μm) is obvious in the coating produced under the 
converging electric field condition. 
Coating thickness and porosity distributions are shown in figure 4.7 and 4.8, 
respectively. These data indicate that the morphology of PEO coatings produced in cells with 
different geometries is significantly different. From the probability density of thickness, it can 
be seen that the thicker coatings produced under converging electric field, especially in 
non-equidistant electrode layout. On the other hand, the difference in the thickness of PEO 
coatings produced under converging electric field conditions with equidistant and 
non-equidistant is significant. The highest probability density of coating thickness distributed 
at the range of 25~30μm and 15~20μm in the non-equidistant and the equidistant electrode 
layouts, respectively. This difference is negligible for both the parallel and diverging 
conditions. This conjectures that the inter electrode distance effect on electric field during 
PEO treatment is significant only for converging conditions.  
In contrast with impedance plots (figure4.9 (h)), PEO coatings thickness have an inverse 
relationship with the magnitude of impedance spectra. The difference in impedance spectra 
under equidistant and non-equidistant electrode layouts is more significant. 
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Fig. 4.6. SEM morphology of PEO coating on the samples treated under different electric 
field conditions and electrode layouts: (a) converging equidistant (b) converging 
non-equidistant, (c) parallel equidistant, (d) parallel non-equidistant, (e) diverging equidistant, 
(f) diverging non- equidistant 
Chapter 4 Effects of Electric Field Distribution on the Process of PEO of Al 
92 
 
Probability density distribution of the coating porosity shows two interesting effects. 
Firstly, substantial amounts of extreme pore sizes (0~3μm and >15μm) are present in the 
coatings produced under the converging electric field condition. Secondly, coating formed in 
the non-equidistant electrode layout has slightly more pores in the range from 3~6μm to 
9~12μm. 
 
Fig. 4.7. Characteristics of coating morphology: Thickness distribution  
 
Fig. 4.8.Characteristics of coating morphology: (a) overall pore size distribution, (b) large 
pore size region. 
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Surface roughness is yet another factor that may affect the characteristics both of 
morphology and impedance. The roughness of both the coating surface and the 
coating/substrate interface is shown in Table 4.3. The data indicate that high roughness 
maybe not only present on the surface but also at the coating/substrate interface, and the 
coatings formed in non-equidistant electrode layouts tend to have slightly higher surface 
roughness. 
Table 4.3. The surface and interface roughnesses of PEO coatings in different cell geometries 
Process conditions Roughness (Rz) (μm) 
Electric field Electrode layout Surface Interface 
Converging 
equidistant 6.94 3.79 
non-equidistant 13.64 4.82 
Parallel 
equidistant 4.19 3.56 
non-equidistant 7.49 4.08 
Diverging 
equidistant 5.13 5.27 
non-equidistant 4.58 4.25 
 
From the above results, PEO coating formation is strongly dependent on the electric 
field distribution. Therefore, the characteristics of coating morphology can be precepted as a 
direct reflection of the electric field effects. In comparison, the difference in thickness of PEO 
coatings produced under parallel and diverging electric field conditions with equidistant and 
non-equidistant electrode layouts is negligible as shown in Figure 4.7 and Table 4.2. This is 
however significant under converging electric field condition, this indicates that the effect of 
electrode layout under same electric field type is significant only under high enough current 
densities conditions. Under the converging electric field; the thick coating (~25μm) is 
produced, featuring numerous small and several big pores in the lower region, and relative 
dense coating in the upper region. The formation of PEO coating is due to the pulsed bipolar 
current mode of the power supply. During the positive half-cycle, the main mechanism of 
coating formation is according to the equation (2.1) and (2.2b). Al3+ are ejected from the 
region above the inner dense layer, react with the oxygen in the electrolyte and then are 
deposited, with high cooling rate (108K/s) to form the upper region. According to this 
mechanism,  bigger size pores are formed above the inner dense layer because of 
Al3+ ejection. During the negative half-cycle, the OH- from the electrolyte (equation 2.8), 
which diffused in the pores, react with Al to produce Al2(OH)3. These intermediate products 
are then rapidly transformed in Al2O3, with high temperature, environment to fill in the large 
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pores. In this case, the high density of small size pores occurred in the inner region of the 
outer porous layer.  
Compared with converging electric field condition, the main pore size range for both 
parallel and diverging electric field conditions is smaller (3~9μm), but less probability 
density of pore size between 0~3μm in the inner porous region. These results can be 
explained by the weaker electric field effect and lower current density under these two 
electric field types. The activity of Al3+ ejection and the reaction during negative half-cycle is 
much weaker. On the other hand, from the cross-sections of PEO coatings produced under all 
electric field conditions and electrode layouts, it follows that the surface roughness of PEO 
coatings is strongly affected by the size and distribution of pores. Therefore, the surface 
roughness is significantly higher for the coatings produced under the converging electric field 
conditions.   
Thus, the effects of electric field distribution on coating formation have been 
demonstrated by analysing the characteristics of the coating morphology. The difference of 
coating morphology under different electric field conditions and electrode layouts accords 
with the prediction from the COMSOL modeling. 
4.6 Boundary conditions of in-situ impedance spectroscopy 
The boundary conditions are the required input parameter for ISIS. In the traditional EIS 
method, the boundary conditions of impedance spectra are defined as the impedance value at 
ƒ∞ and ƒ0 (usually using the frequency range from 107 to10-2 Hz). When studying coatings, 
the impedance value at ƒ∞ can be seen as the resistance of electrolyte (Rs) and ƒ0 as the 
resistance of electrolyte plus the resistance of the coating (Rc). In the ISIS studies, the 
boundary conditions were evaluated from the results of COMSOL modeling and current 
density evolution for the impedance value at ƒ∞ and ƒ0, respectively.       
For the upper boundary condition, the net resistance of the electrolyte near by the 
working electrode under all electric field types and electrode layouts was calculated from the 
COMSOL modeling results (figure 4.2 ~ 4.4). Data in Table 4.4, show that parallel type of 
electric field provides the highest net electrolyte resistance, which is 7 and 2.5 times higher 
than those for converging and diverging electric field types, respectively. It can also be found 
out that the equidistant electrode layouts provide slightly higher net electrolyte resistance 
than non-equidistant one, in all electric field conditions. 
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Table 4.4. Net electrolyte resistance (Ω) calculated using COMSOL package  
Electric field type 
Cell layout 
Equidistant Non-Equidistant 
Parallel 43.6 34.4 
Converging 6.4 5.9 
Diverging 15.3 14.6 
 
The lower boundary condition is the impedance value at ƒ0, which can be simply 
calculated by using ohm's law (R = V / I). Here, both V and I were evaluated using the data 
recorded in the ISIS experiments. The positive voltage at the lowest frequency was chosen as 
the value of V. The I values were obtained using the current at the steady-state region of the 
current pulse. Such evaluation of the boundary conditions for the impedance spectra, allows 
higher accuracy of the ISIS results discussed in the next section.          
4.7 ISIS results 
Figure 4.9 shows the temporal evolution of in-situ impedance spectra of the studied PEO 
processes, presented in the form of Complex and Bode plots. In order to show the main 
features of the complex diagrams, the frequencies are restricted to the region from 20Hz to 
20kHz. In all electric field conditions the shape of the arcs is quite unusual for impedance 
spectra, but similar shapes have been previously observed in certain situations [69,142-146]. 
Three distinct features were observed in this study. Firstly, the complex impedance plots 
attain a decrease behaviour of real impedance (Z') in the lower frequency range, and the point 
when Z’ starts decreasing is always at Z”>0. In contrast, the Z’ decrease in the medium 
frequency range (f=102 Hz~101Hz), which also the decrease of Z’ start when Z”<0. Secondly, 
the decrease of Z’ value occurs in the higher frequency range. Thirdly, a fragment of arc 
resembles the character ”C” in the low frequency region. 
The shape of impedance spectra is different under different electric field conditions 
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(figure 4.9(a)-(f)). It is however similar for the equidistant and non-equidistant electrode 
layout under the same electric field condition. However, the impedance arc at the equidistant 
condition is slightly bigger than the non-equidistant one. For example, the maximum value 
under parallel-equidistant condition is about Z” = -1600 (Ω/cm2), and Z’ = 1900 (Ω/cm2) at 
14 min, but only around Z” = -1500 (Ω/cm2); max Z’ = 1750 (Ω/cm2) under 
parallel-non-equidistant layout. It is however characteristic of converging and diverging field 
(7(a), (b), (e) and (f)). This observation indicates that the electric field effect on the 
impedance of the PEO process carried out in the cells with different electrode layout is 
remarkable. 
The other interesting phenomenon observed in the impedance spectra obtained under 
equidistant and non-equidistant electrode layouts of the converging electric field condition is  
significant difference in the last two minutes (t = 13min, 14min). In the low frequency 
domain, the decrease of the Z’ becomes stronger at t = 14 min, as shown in figure 4.9(b), but 
it is totally opposite under the equidistant condition. This phenomenon is also observed under 
the parallel electric field condition. The reason for such behaviour occurred during the last 1~ 
2 minutes of the process may be due to the coating layers grown to a thickness which is 
sufficient to retard the electric field effect and charge transfer under equidistant conditions, 
but at a shorter distance between the counter electrode and the sample in the non-equidistant 
condition, still provides a strong enough electric field to produce sufficient current flow. 
From figure 4.5, the current density evolution in both non-equidistant electrode layouts of the 
converging and parallel electric field conditions has not yet reached the steady state in the last 
2 minutes. The recrystallization still occurs because the electric field is still high enough 
between the shorter distance of the counter and working electrode at 14 min.  
Figure 4.9 (g) and (h) represent the comparison of different electric field conditions and 
electrode layouts at t = 1min and 14 min. Here, the highest impedance occurred under 
diverging electric field conditions with a non-equidistant electrode layout. This is consistent 
with the behaviour of current density evolution in figure 4.5 and the COMSOL modeling 
results in figure 4.2 ~ 4.4, hence, the effect of electric field type and location between 
samples and counter-electrodes is significant. 
In EIS studies, different phenomena driven by different mechanisms can be indicated 
from various frequency regions of the impedance spectra. Therefore, the frequency is divided 
into four ranges as ultra-high (above 104Hz), high (103~104Hz), medium (102~103 Hz), and 
low (101~102 Hz) as shown in figure 4.10 (a) - (c).  
In the ultra-high frequency region (around 105Hz), the behaviour of the impedance 
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spectra is characterised by the positive slope dZ’
dƒ
> 0. This phenomenon has been also 
observed by Hsieh et al. [147], who consider it as a massive distortion. However, due to this 
ultra high frequency range being beyond the range of 20Hz ~ 20 kHz used in this study 
(section 3.22), there are no data points in this frequency range. Shape of the same situation is 
also occurred in the part of the low frequency range, under 20 Hz. The behaviour of dZ’
dƒ
> 0 
in the ultra-high frequency range is caused by the evaluated value of the boundary conditions 
at ƒ∞ and the impedance spectra is simulated by the spline program (section 3.26).  
The high frequency range (103~104Hz) is common in several EIS references, however in 
this range, the arcs exhibit a skewed shape characteristic. This shape has been presented by 
Parfenov et al. [112], which indicated that it is common behaviour for a thick coatings. Due 
to the shape, it is believed that the impedance spectra in this frequency range can be fitted by 
a single RC loop.  
In the medium range (102~103 Hz), the impedance spectra of dZ’
dƒ
> 0 occurred at 
around 400Hz. It is believed to be a complex region affected by plasma discharge. This part 
of impedance spectra may need to be fitted by loops with a negative resistance or an 
inductance. In references, the negative resistance and inductance loop are often used in 
equivalent circuits to describe relaxation reactions and adsorption of intermediate produces, 
respectively [69, 114].  
In the low frequency range (101~102 Hz), the tendency of impedance spectra were 
followed from the medium frequency range. However, from the results of the system linearity 
evaluation for the PEO process (section 3.25), the maximum error of impedance modulus at 
about 10% is observed in this frequency range. Because it is such uncertainty, the data in this 
region are difficult to use for modelling. 
Similar behaviour of impedance spectra ( dZ’
dƒ
> 0) in the medium and low frequency 
ranges have been reported by Popkirov et al.[148]. From Popkirov's explanation, this 
behaviour is due to the current decay before the electro reduction process is completed and 
also the kinetics of the relaxation processes. In his case, he mentioned that the response 
amplitude spectra are not a superimposition of the original action of the perturbation signal, 
which indicates that the cell response signal is distorted. However, in this work, the 
impedance spectra have all been checked by the FR linearity check tool (section 3.25), which 
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the average system linearity estimated at ≥ 90% and the average error from both impedance 
and phase angle estimation are all ≤ 5% (Table 4.5), and the main error only occurred in the 
frequency range below 200Hz. Therefore, the studied PEO processes can be considered as a 
properly linearised system, and the behaviour of impedance spectra in the medium and low 
frequency range provide a true representation of the phenomena that occur during the PEO 
process. The designed equivalent circuits and the meaning of corresponding elements for all 
electric field distributions and electrode layouts are discussed in the next section.   
 
 
 
Table 4.5. Linearity characteristics of the PEO processes operated under different electric 
fields and electrode layouts 
Fields Converging Parallel Diverging 
Layouts equidistant 
Non- 
equidistant 
equidistant 
Non- 
equidistant 
equidistant 
Non- 
equidistant 
Linearity 
(%) 
91.96 90.16 96.06 95.67 96.15 96.21 
Average 
impedance 
error (%) 
3.27 3.77 2.57 2.80 2.61 2.74 
Average 
phase angle 
error (%) 
4.12 3.95 3.36 3.55 3.43 3.37 
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Fig. 4.9. (beginning) Complex and Bode plots of in-situ impedance spectra of PEO process 
carried out under different electric fields and electrode layouts: (a) converging (equidistant)   
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Fig. 4.9. Complex and Bode plots of in-situ impedance spectra of PEO process carried out 
under different electric fields and electrode layouts: (b) converging (non-equidistant)  
(b) Converging- non-equidistant 
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Fig. 4.9. Complex and Bode plots of in-situ impedance spectra of PEO process carried out 
under different electric fields and electrode layouts: (c) parallel (equidistant)  
(c) Parallel - equidistant 
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Fig. 4.9. Complex and Bode plots of in-situ impedance spectra of PEO process carried out 
under different electric fields and electrode layouts: (d) parallel (non-equidistant)  
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Fig. 4.9. Complex and Bode plots of in-situ impedance spectra of PEO process carried out 
under different electric fields and electrode layouts: (e) diverging (equidistant) 
(e) Diverging- equidistant 
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Fig. 4.9. Complex and Bode plots of in-situ impedance spectra of PEO process carried out 
under different electric fields and electrode layouts: (f) diverging (non-equidistant)  
(f) Diverging - non- equidistant 
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Fig. 4.9. Complex and Bode plots of in-situ impedance spectra of PEO process carried out 
under different electric fields and electrode layouts: (g) time = 1 min, (h) time = 14min  
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Fig. 4.10. (beginning) Complex and Bode plots of PEO process of Al samples in conditions 
of electric field types and cell geometries at time = 12 min. (a) converging type 
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(b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10. Complex and Bode plots of PEO process of Al samples in conditions of electric 
field types and cell geometries at time = 12 min. (b) parallel type 
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 (c)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.10. Complex and Bode plots of PEO process of Al samples in conditions of electric 
field types and cell geometries at time = 12 min. (c) diverging type.
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4.8 Developments of equivalent circuits and meaning of 
corresponding elements 
As mentioned in the previous section, the shape of impedance spectra in the high 
frequency region of 103~104 Hz has indicated a common behaviour for thick coatings [4]. It 
can be fitted by a single RC loop equivalent circuit as shown in figure 4.11~4.13. The 
impedance spectra in both electrode layouts of converging electric field, were fitted in this 
frequency range by the loop with capacitance (C), although it was better represented by a 
constant phase element (CPE) in parallel-equidistant and the diverging-nonequidistant 
conditions.  
From references [149,150,69] the high frequency behaviour usually presents the charge 
transfer through the interface. Therefore, the capacitance/CPE in this loop can reflect a 
non-uniform coating morphology. The investigation of correlations of the capacitance/CPE in 
this loop with corresponding coating morphologies by using fractal analysis is discussed in 
Chapter 6. In section 6.2, the results of the comparison of capacitance between theoretical 
and ISIS fitting value of CPE-T indicate that this loop does not represent the status of the 
whole PEO coating but only relate to the barrier layer at the bottom of discharge channel. 
Therefore, the thickness of the barrier layer (dBL) can be evaluated from the 
capacitance/CPE-T values. 
In the common corrosion study on coatings, CPE can be associated with several 
phenomena or processes (section 3.1.3). In the high frequency region, a CPE is commonly 
used instead of capacitance in the outer porous layer of an oxide coating, because of the 
porosity, roughness [151], reflected in elliptic shape of the arcs. Moreover, porosity in the 
outer porous layer of PEO coatings has been indicated by Curran et al. [48], to be affected by 
oxygen evolution during the PEO process. As pointed out in the previous paragraph, the RC 
loop here is only indicative of the barrier layer and the explanation associated with porosity 
does not appear to be applicable to our case, wherein the CPE element may be caused by 
non-uniform distribution of current on the barrier layer due to the coating morphologies. 
Another reason of using CPE here is due to the effects of other phenomena occurring during 
the PEO process. Studied from the Complex and Bode plots, the behaviour of the impedance 
spectra in the frequency range of 103~104 Hz seems to be a combination of several 
phenomena, especially in the medium frequency region. This behaviour indicates that the 
Chapter 4 Effects of Electric Field Distribution on the Process of PEO of Al 
110 
 
time constants corresponding to the relevant process are very close, which will be discussed 
in the following section. 
 
 
 
Fig. 4.11. Fitting results (green line) of the high frequency end of impedance spectrum range 
(20k to 10k Hz) for the PEO process operated under different electric field and electrode 
layout conditions (a) converging-equidistant, (b) converging-non-equidistant, and (c) single 
loop of equivalent circuit. 
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Fig. 4.12. Fitting results (green line) of the high frequency end of impedance spectrum range 
(20k to 3~5k Hz) for the PEO process operated under different electric field and electrode 
layout conditions (a) parallel-equidistant, (b) diverging-non-equidistant, and (c) single loop of 
equivalent circuit. 
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Fig. 4.13. Fitting results (green line) of the high frequency end of impedance spectrum range 
(20k to 3~5k Hz) for the PEO process operated under different electric field and electrode 
layout conditions (a) diverging-equidistant, (b) parallel-non-equidistant, and (c) single loop of 
equivalent circuit. 
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Continuing from the high frequency region, the impedance spectra are now fitted until 
1kHz. Here, three different equivalent circuits were used for the three electric field types. In 
both the converging electric field conditions, the fitting results in this frequency range (20k ~ 
1k Hz) is shown in figure 4.14, and three loops equivalent circuits were used as shown in 
figure 4.14 (c). The second loop of R4 and C4 is connected in parallel with the first one. Due 
to the fact that both the values of R4 and C4 are positive, the second loop is deduced to 
reflect a layer of the PEO coatings. However, from the figure 4.6 (a) and (b), the PEO 
coatings produced under converging electric field with both types of electrode layout have 
three obvious layers such as upper dense layer, inner fine porous layer and the barrier layer at 
the bottom of the discharge channel. Except for the barrier layer, which has been verified to 
be represented by the first loop, there is still not enough information to confirm which coating 
layer is indicated by the second loop. The physical meaning of this loop will be discussed 
later. The third loop of this equivalent circuit is constituted by a negative resistance (R2) and 
a positive capacitance (C2). From references [152-154], R2 and C2 probably indicate the 
resistance of charge transfer through the plasma sheath in the bubbles and the corresponding 
capacitance, respectively. The source of the charge in here is from the ionisation of H2O to 
H2O+, yielding a primary electron e-.  
In the conditions of parallel electric field, the fitting results in a three loops equivalent 
circuit (figure 4.15 (c)). The behaviour of R1-C1/CPE1 and R2-C2 loops is similar to that in 
the converging electric field conditions. However, the loop of R4 and C4 is not applicable in 
the parallel electric field conditions and has been replaced by a loop constituted by another 
negative resistance (R3) with positive capacitance (C3). From reference [152], this loop is 
probably indicative of the thermal effect occurring in the discharge channel of the PEO 
coating. When the gas in the channel is heated during the discharge, it causes the temperature 
and the pressure to rise. Increase in pressure would cause the voltage across the discharge to 
increase, lagging behind current change. The corresponding capacitive effect may be caused 
by the above phenomenon, and the capacitance element in this loop would cause a relative 
slower time constant [152] for the loop used to fit the impedance spectra in the lower 
frequency region.   
Results of the impedance spectra fitting for the diverging electric field conditions are 
shown in figure 4.16 (c). The two loops constituted by R1-C1/CPE1 and R2-C2, are the same 
as the loops in the model developed for the converging and parallel electric field conditions. 
From the above fitting results, due to the R4-C4 loop which occurred only in the converging 
electric field conditions, the effect of the fine porous layer of the PEO coating is verified, 
because only this layer is observed in the coating produced under converging electric field 
conditions (figure 4.6). The time constants corresponding to this loop are discussed later. 
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Fig. 4.14. Fitting results (green line) in the medium frequency range (20k to 1k Hz) for the 
impedance spectra of the PEO process operated under (a) converging-equidistant, (b) 
converging-non-equidistant electric field conditions, and (c) three loop equivalent circuit 
containing with one negative resistance loop R2. 
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Fig. 4.15. Fitting results (green line) in the medium frequency range (20k to 1k Hz) for the 
impedance spectra of the PEO process operated under (a) parallel-equidistant, (b) 
parallel-non-equidistant electric field conditions, and (c) three loop equivalent circuit 
containing with two negative resistance loops R2, R3.  
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Fig. 4.16. Fitting results (green line) in the medium frequency range (20k to 1k Hz) for the 
impedance spectra of the PEO process operated under (a) diverging-equidistant, (b) 
diverging-non-equidistant electric field conditions, and (c) two loop equivalent circuit 
containing with one negative resistance loops R2. 
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The fitting results in the low frequency region (1k to 200 Hz) of the impedance spectra 
for the converging, parallel and diverging electric field conditions are shown in figure 4.17~ 
4.19, respectively. In the all electric field conditions, R2-C2 loop is also used following the 
fitting exercise in the medium frequency range. Moreover, in this frequency range, the R3-C3 
loop is used in both the converging and diverging electric field conditions. This indicates that 
the time constant of this loop (probably thermal effects) is relatively shorter under the parallel 
electric field than other conditions. According to the inference of the physical meaning of 
R2-C2 (charger transfer through the plasma sheath in the gaseous phase of the discharge) and 
R3-C3 (thermal effects) loops, the relevance between these two loops should be in parallel 
connection because of the duration and the shifting of the discharge events (section 7.4).   
A new loop is used in the parallel and diverging electric field conditions of the low 
frequency range, which is constituted by a RL loop with R4' and L1 as shown in figure 4.18 
(c) and 4.19 (c). This loop is likely to indicate phenomena taking place in the positive column 
of the plasma channel [152-156] with the large pores of the PEO coatings. Noteworthy, this 
loop is not applicable in the both converging electric field conditions. From current transients 
analysis in figure 4.5, indicate that the current density still decreases at the end of the PEO 
treatment under the both converging electric field conditions; a reasonable explanation for the 
absence of the RL loop is that the dense inner coating region is still growing at the last stage 
of the PEO treatment providing conductive paths for the current flow. Therefore, it appears 
that the formation of the positive column is hindered, and the corresponding behaviour in the 
impedance spectra is feebly, which means that the plasma for the converging electric field 
conditions can be seen as a hollow cathode discharge. Compared with the converging electric 
field conditions, the current transient for the parallel and diverging conditions become stable 
at around 1.5 minutes after the beginning of the PEO treatment, which means that the 
thickness of the PEO coatings observed in corresponding cross-sectional SEM images is 
already fully formed at this time point. 
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Fig. 4.17. Fitting results (green line) in the low frequency range (1k to 200 Hz) for the 
impedance spectra of the PEO process operated under (a) converging-equidistant, (b) 
converging-non-equidistant electric field conditions, and (c) three loop equivalent circuit 
containing with two negative resistances R3 and R4. 
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C2 
R3 
C3 
R4 
C4 
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Fig. 4.18. Fitting results (green line) in the low frequency range (1k to 200 Hz) for the 
impedance spectra of the PEO process operated under (a) diverging-equidistant, (b) 
diverging-non-equidistant electric field conditions, and (c) three loop equivalent circuit 
involve two negative resistance loops and a LC loop. 
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Fig. 4.19. Fitting results (green line) in the low frequency range (1k to 200 Hz) for the 
impedance spectra of the PEO process operated under (a) parallel-equidistant, (b) 
parallel-non-equidistant electric field conditions, and (c) three loop equivalent circuit involve 
two negative resistance loops and a LC loop. 
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Combining the above frequency ranges, three complete equivalent circuits were 
developed to fit the three groups of impedance spectra of PEO processes carried out under 
different electric field conditions and electrode layouts in the whole frequency range of 20 to 
20k Hz, as shown in figure 4.17 ~ 4.19. The value of each element and the corresponding 
time constants of each loop at 12 min of the PEO treatment started are shown in Table 4.6. 
Here the time constants (τ) of RC and RL loops were calculated by the following equations: 
               = R × C or (R×CPE-T)(1/CPE-P)                  (4.1) 
                          = L / R                        (4.2)  
In Table 4.6, each time constant was calculated from the four loops equivalent circuits 
under the all electric field conditions and the electrode layouts. Beside the loops of R4-C4 
and R4'-L1, the time constants from the same loop are in the similar time scale for the all 
treatment conditions. In the R1-C1 loops, the time constants (τ1) are all about 10μs. However, 
it is around 2~3 times longer under parallel and diverging conditions rather compared to the 
converging one. The difference in τ1 between the same condition of electric field but 
different electrode layouts are rare. The values of capacitance in this loop, are all of order 10-8 
F/cm2 for different PEO treatment conditions. According to Irvine, et al [157], a possible 
object developing capacitance in the range of 10-9 to 10-7 is a surface layer, which is 
consistent with the interpretation of the barrier layer in PEO coatings.         
The time constants of R2-C2 loop (τ2) are about 10μs for the both converging electric 
field conditions, but they are only around 1μs under parallel and diverging conditions. 
Compared with τ2, the τ3 from the R3-C3 loop is 10 times longer in converging conditions 
and about 30~100 times longer in parallel and diverging conditions. In contrast with the 
R1-C1 loop, in the R2-C2/R3-C3 loops, both R2 and R3 are negative. Moreover, due to the 
equation 4.1, the values of τ2 and τ3 are both negative. The negative value of the time 
constant reflects a local unstable behaviour of the system/phenomenon. Therefore, in the 
previous section, these two loops were associated with the phenomena in the plasma sheath 
and the thermal effects in the gaseous phase, that could generate local instabilities in 
discharge events, causing their intermittent nature. Since τ3 being about 10~100 times longer 
than that of τ2, the thermal effect should be related to the R3-C3 loop, because of the duration 
of a discharge events is much shorter (section 7.4).   
The R4-C4 loops for the converging electric field conditions, have similar element 
values and time constants (τ4) with R1-C1 loop, and due to the R4 being a positive and C4 
being of the order of 10-8 F/cm2, its interpretation may be similar to that R4-C4 loop for the 
coating layer. Because of the R4 values are larger than R1 and the C4 is smaller than C1, the 
coating layer here should be thicker than the barrier layer represented by R1-C1 loop.    
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Fig. 4.20 Fitting results of in-situ IS record data in (a) converging-equidistant, (b) 
converging-non-equidistant, and (c) the setup equivalent circuit. 
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Fig. 4.21 Fitting results of in-situ IS record data in (a) parallel-equidistant, (b) 
diverging-non-equidistant, and (c) the setup equivalent circuit.  
Rs R2 
C2 
R3 
C3 
R1 
CPE1 
R4' 
L1 
(b) 
(a) 
(c) 
Chapter 4 Effects of Electric Field Distribution on the Process of PEO of Al 
124 
 
 
 
 
Fig. 4.22. Fitting results of in-situ IS record data in (a) parallel-non-equidistant, (b) 
diverging-equidistant, and (c) the setup equivalent circuit. 
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Table 4.6. Results of ISIS spectra fitting and the time constants evaluation of individual loop at 12min of PEO treatments. 
Electric field- 
electrode layout 
R1 
(kΩ·cm2) 
C1 (μF·cm-2) 
/CPE1-T (S·sn) 
CPE1-P 
R2 
(kΩ·cm2) 
C2 
(μF·cm-2) 
R3 
(kΩ·cm2) 
C3 
(μF·cm-2) 
R4/R4' 
(kΩ·cm2) 
C4 
(μF·cm-2) 
L1 
(H) 
Chi- 
squared 
×10-3 
Weighted 
Sum of 
Squares τ1 (μs) τ2 (μs) τ3 (μs) τ4/τ4' (μs) 
Converging- 
equidistant  
0.88 0.038 - -0.27 0.091 -0.57 0.44 1.09 0.022 - 
0.5 0.205 
34 24 250 23 
Converging- 
Non-equidistant 
0.51 0.069 - -0.38 0.052 -0.64 0.34 1.29 0.019 - 
0.8 0.24 
35  221 24 
Parallel- 
equidistant  
2.89 0.034 0.976 -0.93 0.002 -0.64 0.26 0.88 - 0.163 
0.2 0.090 
109 1.5 164 185 
Parallel- 
Non-equidistant 
2.48 0.030 - -0.64 0.007 -0.58 0.31 0.52 - 0.097 
0.4 0.154 
72 4.5 174 186 
Diverging- 
equidistant  
4.20 0.023 - -0.19 0.038 -0.81 0.31 1.56 - 0.289 
0.3 0.101 
88 7.2 252 186 
Diverging- 
Non-equidistant 
2.66 0.034 0.986 -0.17 0.038 -0.60 0.35 0.24 - 0.043 
0.8 0.477 
96 6.5 206 179 
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The time constants (τ4') of R4'-L1 loop for both parallel and diverging electric field 
conditions are very similar (~180μs). As mentioned in the previous section, this loop can be 
attributed to the positive column. Combined with the analysis of current transients in figure 
4.5, the PEO coatings are completely formed during the first 1.5 minutes, which means that 
the Al ejection does not occur after that. Therefore, it indicates that the positive column is 
formed in the pores of PEO coatings, and is actually a phenomenon, related to the glow 
discharge. 
Evaluations of the element of the equivalent circuit and corresponding time constants are 
shown in figure 4.23~4.27. In the R1-C1 loop, R1 presents a linear trend with time, but the 
C1 decreases with time, which indicates the growth of the barrier layer. Two groups of data 
can be observed in both figure 4.23 (a) and (b), such as converging and other two electric 
field conditions. In the first group, the τ1 is relatively unstable during the first four minutes, 
which is consistent with sharp decrease in corresponding current transients. The values of C1 
and τ1 in all electric field conditions and electrode layouts become similar at 12 min.   
In the figure 4.24 and 4.25, both the R2/R3 and C2/C3 decrease slightly with time, but 
the value of τ2 and τ3 are seem in dependent of time. Comparison between figure 4.24 and 
4.25 indicate that the effects of electric field conditions and electrode layouts are relatively 
weaker on R3-C3 loops. There is still no enough solid evidence to confirm the inferences of 
physical meaning of R2-C2 and R3-C3 loops. However, these appear to be the most 
reasonable explanations of the behaviour of these two loops. 
The evolution of R4,C4 in figure 4.26 is consistent with the evaluation of the denser 
inner layer in the PEO coatings produced under the both converging electric field conditions, 
for which R4 increases and C4 and decreases with time. The time constants (τ4) here are 
relatively independent of treatment time. 
Figure 4.27 shows that beside the diverging-equidistant conditions, the R4' and L1 
increase slightly with time and the main trend observed for τ4' is to slightly decrease with 
time. These results can be explained by the polarization of the electrolyte near the barrier 
layer during the PEO process, but the growth of the PEO coatings stops. Therefore, the 
intensity of the positive column slightly increases with time. 
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Fig. 4.23. Elements value and time constants evolution of the equivalent circuit used to fit all 
electric field conditions and electrode layouts: (a) R1, (b) CPE1-T/C1, and (c) τ1.  
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Fig. 4.24. Elements value and time constants evolution of the equivalent circuit used to fit all 
electric field conditions and electrode layouts: (a) R2, (b) C2, and (c) τ2.  
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Fig. 4.25. Elements value and time constants evolution of the equivalent circuit used to fit all 
electric field conditions and electrode layouts: (a) R3, (b) C3, and (c) τ3.  
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Fig. 4.26. Elements value and time constants evolution of the equivalent circuit used to fit 
both converging electric field conditions: (a) R4, (b) C4, and (c) τ4.  
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Fig. 4.27. Elements value and time constants evolution of the equivalent circuit used to fit the 
both electrode layouts of parallel and diverging electric field conditions: (a) R4, (b) L1, and 
(c) τ4'.  
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From the above fitting results of impedance spectra for all electric field conditions and 
electrode layouts and the explanation of the each loops, a possible simplified structure sketch 
of the PEO coating on Al together with the equivalent circuit can be developed, as shown in 
figure 4.28. At the moment, there is insufficient evidence to prove the interpretation of some 
parts of the loop. In the future, new experiments for the confirmation of those interpretations 
will be designed and carried out.   
 
Fig. 4.28. Simplified structure sketch of PEO coating on Al with equivalent circuit used for 
impedance data fitting under: (a) converging (b) parallel and diverging electric field 
conditions. 
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4.9 Summary 
In this part of the work, the effects of electric field distribution on the PEO process were 
studied using the experimental design involving converging parallel and diverging electric 
field conditions and equidistant/non-equidistant electrode layouts. COMSOL modelling was 
used to evaluate the distribution of electrolyte resistance, electric potential and total current 
density in the electrolyser. The difference between these three electric field distribution 
conditions was found significant. 
During the PEO treatment, the current density evolution was recorded, and found to be 
relatively higher in both converging electric field conditions compared to the parallel and 
diverging electric field. It was also established that non-equidistant electrode layouts provide 
relatively high current densities compared to the equidistant geometries.  
The difference in thickness of PEO coatings produced under diverging and parallel 
electric field conditions were found to be negligible. Similar results were also obtained for 
the coatings produced under equidistant and non-equidistant electrode layouts in these two 
electric field conditions. The difference was however significant for the coatings produced 
under converging electric field conditions. A substantial amount of small (0~3μm) and large 
(>15μm) pores is present in the coatings formed under both converging electric field 
conditions; coatings formed in non-equidistant geometries have slightly more pores in the 
range of 3~6μm. For parallel and diverging conditions the main pore size range is 0~9μm. 
The boundary conditions of impedance spectra at ƒ0 and ƒ∞ in all electric field 
conditions and electrode layouts have been evaluated from Ohm's law and net electrolyte 
resistance modeled by COMSOL, respectively. The impedance values at ƒ∞ representing the 
net electrolyte resistance were found to be about 7 times and 2~3 times larger in the parallel 
electric field conditions than the converging and diverging conditions, respectively. In all 
electric field conditions, a relatively high net electrolyte resistance is developed in the 
equidistant electrode layout compared to the non-equidistant one. 
In the ISIS results, firstly, the linearity of the PEO process operated under all electric 
field conditions and electrode layouts has been verified. The largest impedance spectrum was 
observed under the diverging electric field conditions, and the smallest one under the 
converging conditions. A relatively high impedance spectrum was observed in the equidistant 
electrode layouts in all electric field conditions. Two types of equivalent circuits were used to 
Chapter 4 Effects of Electric Field Distribution on the Process of PEO of Al 
134 
 
fit the ISIS data under different treatment conditions, with four loops resolved in each 
equivalent circuit. Interpretations of each loop have been discussed, however, there is not 
enough solid evidence to prove the interpretations for some parts of the loops. The most 
reasonable explanation at the moment is the behaviour of the plasma sheath and a thermal 
effect. These investigations should be carried on in the future, with a different experimental 
design.  
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Chapter 5 
Effects of Electrolyte Characteristics 
on the PEO Process of Al 
5.1 Introduction and research aim 
To study the mechanisms underlying the of PEO coating formation, several main factors 
have been considered, including current mode, composition of substrate, and electrolyte. As 
follows from the previous Chapter, electric field in the electrolyte exerts a strong influence on 
the impedance of the PEO process, kinetics of the coating formation and oxide layer 
morphology. The electric field affects the net electrolyte resistance, as demonstrated by 
COMSOL modelling. On the other hand, the electrolyte resistance depends upon solution 
conductivity and temperature that should also affect the impedance of the PEO process. 
On account of electrochemical treatment, the characteristics of electrolyte solution are 
recognised as the main parameters influencing kinetics of the coating growth, its structure 
and properties. Characteristics of electrolyte solutions for PEO treatment such as composition, 
concentration, pH value and temperature are common parameters varied during experiments. 
For example, Xue et al. [158] investigated the PEO coating fabricated on Zr alloy in silicate 
electrolyte. In the report, thick ceramic coatings were fabricated by using a silicate electrolyte 
mainly composed of monoclinic ZrO2 and tetragonal ZrO2 phases. Lv et al. [159] reported 
the comparison of morphology, phase composition and corrosion resistance of coatings 
produced in electrolytes with F- and AlO2- additives. Shin et al. [82] studied the effect of 
electrolyte on surface properties by PEO treatment on titanium substrate. In the results, the 
subtle difference in solution compositions, e.g. the use of potassium pyrophosphate or 
potassium triphosphate contributes to the surface roughness and volume fraction of 
metastable anatase phase in the coating. However, those studies were mainly focused on 
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different electrochemical reactions. In this study, physical characteristics of the electrolyte, 
such as conductivity and temperature, are considered to provide different bath resistances for 
investigation of the effects of electrolyte characteristics on coating formation and discharge 
phenomena during the PEO process. 
5.2 Experimental set-up 
To investigate the effects of electrolyte characteristics on the PEO process, the 
electrolyte conductivity, temperature and the thickness of the pre-formed coatings were 
chosen as the main variables. Therefore, 18 experiments (3 pre-formed coating thicknesses, 3 
electrolyte temperatures and 2 electrolyte conductivities) were carried out to reveal effects of 
electrolyte characteristics on impedance of PEO process. The flowchart of experimental 
procedures is presented in figure 5.1. Two types of electrochemical impedance spectroscopy 
experiments, in-situ and ex-situ EIS were used. COMSOL was also utilised to model the 
distribution of the current density, electric potential, and evaluate the net resistance of the 
electrolyte.  
 Fig. 5.1. Experimental design and procedures. 
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5.2.1 Sample preparation and experimental device setup 
Figure 5.2. shows a schematic diagram of the experimental setup. Flat samples 22mm × 
22mm × 1mm in size were preliminary polished to achieve Ra ~ 0.1µm. Two stainless steel 
flat sheets with an electrical insulator to select the same surface area were chosen for counter 
electrodes located on each side of the working electrode. Preformed coatings with thickness 
of 15, 30 and 50μm were produced by PEO treatment for 8, 15 and 40minutes, respectively in 
the medium conductivity electrolyte. The distance between the electrodes was fixed at 34mm. 
The surface area of the counter electrodes was selected to be twice of that of the working 
electrode. The PEO treatments were carried out with electrolyte cooling/heating and stirring 
to maintain constant processing temperature through out the experiment.  
During the ISIS studies, the power supply has been setup for frequency variation with 
bipolar voltage control. The detailed information of the power supply and the current mode 
used is provided in section 3.2.2.    
 
Fig. 5.2. Scheme of experimental device for PEO treatment. 
5.2.2 Electrolyte characteristics and parameters control  
PEO treatments are usually carried out in low-conductivity weak alkaline electrolytes 
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that are non-aggressive to the oxide coatings at the PEO potentials. The low conductivity is 
chosen because it provide high ohmic drop across the electrolyte; hence sufficient voltages 
can be easily achieved to initate the discharge phenomena [1]. 
 In this work, three different electrolytes have been selected to achieve various 
conductivities within a pH at room temperature, by using three different phosphate salts with 
various concentrations of potassium hydroxide, as shown in Table 5.1. The other two 
solutions, of the higher and the lower conductivity (HC and LC electrolyte), were also used, 
operated at various temperatures 5~10, 20~30, and 40~50℃. Temperature dependencies of 
electrolyte conductivity and pH value were also studied. Additionally, the total electrolyte 
resistance under all experimental conditions was calculated by COMSOL modeling. 
 
Table 5.1. Composition and characteristics of electrolytes at room temperature 
KOH 
(g/l) 
Na
4
P
2
O
7
·H
2
O 
(g/l) 
Na
3
PO
4
·12H
2
O 
(g/l) 
NaH
2
PO
4
·H
2
O 
(g/l) 
Na
2
SiO
3
 
(g/l) 
Electrolyte 
Conductivity 
(mS·cm-1) 
Electrolyte 
pH 
1 2 - - 2 5.39 12.09 
1.2 - 1.9 - 2 7.29 12.22 
0.5 - - 0.78 2 3.02 11.41 
 
5.2.3 In-situ and Ex-situ impedance spectroscopy response study 
The impedance of the PEO process was studied using the ISIS method on the samples 
with the predetermined coating thickness [123,160]. Here the PEO treatment was performed 
by using bipolar pulse current mode. Details of the ISIS system setup is presented in section 
3.2.2. The treatment time in all experimental conditions was fixed as 1.5 minutes. 
The ex-situ impedance spectroscopy was performed at ambient conditions using SI 1286 
Electrochemical Interface and an SI 1260 Impedance/Gain-phase Analyzer in the 
three-electrode cell (Figure 5.3.), and the system was computer-controlled using Z-plot 
software (Scribner Associates). Figure 5.4 represents the scheme of the electrochemical cell 
unit. Here, three electrodes are used in the cell unit: working, counter and reference electrode, 
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which are connected to the WE + RE2, CE and RE1 terminals, of the SI 1286 
Electrochemical Interface, respectively. The surface area of the working electrode was 
0.738cm2. The same electrolytes as those used for the PEO treatments were employed, for 
comparative purposes. 
Before the ex-situ EIS study, the evaluation of the open circuit potential (OCP) is needed. 
The OCP (or equilibrium potential) is defined as the potential at which no current occurred. 
In the OCP study, when the potential moves towards more negative values, it indicates active 
corrosion development; whereas the move towards more positive potentials, indicates passive 
film formation, or the passivation behaviour. Usually the OCP study takes a considerable 
amount of time after the initial immersion of the sample, which is about an hour in this work. 
After the steady state is established, ex-situ EIS can be carried out at this potential. 
The fundamental theory of the EIS technique has been introduced in section 3.1. In this 
work, a sinusoidal AC perturbation of 5 mV amplitude was applied to the electrode at the 
OCP in a frequency range of 1 to 106Hz. After the data acquisition, Zview software was used 
to fit the both Complex and Bode plots with designed equivalent circuits. 
Fig. 5.3. SI 1286 Electrochemical Interface, SI 1260 Impedance/Gain-phase Analyzer and the 
cell device. 
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Fig. 5.4. Schematic diagram of the electrochemical cell unit for ex-situ EIS study.  
 
5.3 Characteristics of electrolyte 
During the PEO treatment, it is difficult to control the electrolyte temperature precisely, 
because of large heat input from the process. Therefore, measurements of electrolyte 
conductivity and pH value have been performed in the temperature range from 0 to 50℃ for 
both HC and LC electrolytes, as shown in figure 5.5. These characteristics exhibited linear 
but opposite dependencies on temperature. The conductivity of the solution is directly 
proportional to the temperature because both solutions belong to weak electrolytes that are 
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not completely dissociated, and the dissociation is enhanced with temperature, which 
contributes to the increase in the total number of ions. On the other hand, pH value decreases 
with temperature due to the hydrolysis intensification which causes the increase of H+ ions. 
Subsequent, correlation studies between electrolyte conductivity/pH value and temperature, 
allow the average conductivity/pH value during the PEO process to be evaluated for the 
known average temperature in the electrolyser.  
COMSOL modeling results of the distributions of current density, electric potential, and 
electrolyte resistance for all experimental conditions under the same electric field distribution  
and electrode layout (parallel equidistant) are shown in figure. 5.6. and Table 5.2.  
 
Table 5.2. Results of electrolyte characteristics during PEO treatment   
Treatment 
temperature 
(℃) 
Pre-coating 
thickness  
(um) 
Electrolyte 
type 
Average 
temperature 
(℃) 
Electrolyte 
Conductivity 
 (mS·cm-1) 
Electrolyte  
pH 
Resistance of 
Electrolyte 
(Ω) 
5~10 ~15 HC 8.83 6.75 12.44 40.35 
5~10 ~30 HC 7.53 6.74 12.48 40.48 
5~10 ~50 HC 7.41 6.74 12.48 40.48 
5~10 ~15 LC 10.31 2.69 10.99 101.28 
5~10 ~30 LC  8.47 2.67 11.03 102.08 
5~10 ~50 LC 7.84 2.67 11.03 102.08 
20~30 ~15 LC 26.31 2.87 10.74 94.95 
20~30 ~30 LC 21.71 2.82 10.82 96.66 
20~30 ~50 LC 20 2.80 10.77 97.35 
20~30 ~15 HC 25.86 6.95 12.02 39.43 
20~30 ~30 HC 21.1 6.89 12.14 39.58 
20~30 ~50 HC 22.23 6.91 12.11 39.46 
40~50 ~15 HC 43.67 7.15 11.58 38.12 
40~50 ~30 HC 41.33 7.12 11.64 38.28 
40~50 ~50 HC 39.79 7.11 11.68 38.34 
40~50 ~15 LC 42.76 3.04 10.49 89.64 
40~50 ~30 LC 36.63 2.98 10.58 91.47 
40~50 ~50 LC 42.91 3.05 10.48 89.36 
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Fig. 5.5. Correlation between electrolyte temperature and conductivity/ pH value  
 
Fig. 5.6. The distribution of electric field in the electrolyte modeled by COMSOL 
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The electrolyte resistance shows similar behavior as the conductivity. Therefore, Table 
5.2 can be compressed to Table 5.3, which directly presents the effects of conductivity and 
temperature on total electrolyte resistance. 
As seen from Table 5.3, for the same electrolyte conductivity, the total resistance of 
electrolyte decreases with increasing electrolyte temperature; for the same electrolyte 
temperature, higher electrolyte conductivity causes lower total resistance of electrolyte. The 
influence of conductivity on resistance is much stronger than that of the temperature. 
 
Table 5.3. Total resistance (Ω) of the electrolyte at different conditions 
Electrolyte Conductivity 
(mS·cm-1) 
Temperature conditions (℃) 
5~10  20~30  40~50  
6.91  40.48  39.58  38.28  
2.82  102.08  96.66  89.64  
 
5.4 Coating characteristics 
Figure 5.7, presents three groups of SEM images of both surface and cross-section 
morphologies for the preformed coatings with thickness of 15, 30 and 50μm. During 1.5min 
of subsequent PEO treatments in the ISIS mode, only a negligible amount of oxide was 
formed; hence, the effects of different electrolyte application is difficult to visualise from the 
cross-sectional SEM images of the coatings. The coating thickness can therefore be 
considered unaffected by the ISIS experiments. 
Two distinct layers with different morphology are observed in cross-sectional images for 
all coatings. These are normally termed the outer porous and the inner dense layers. From the 
SEM images, even though the overall coating thickness is different, the thickness of the inner 
dense layers does not obviously change.  
The 15μm preformed coating has relatively high porosity, and the porosity decreases 
with an increase in thickness. However, the inverse relationship between pore size and 
coating thickness can also be observed. The characteristics of the pore size and porosity are 
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related to the microdischarge phenomena and the corresponding dielectric breakdown 
(section 2.6). During the PEO treatment, relatively large number of small size 
microdischarges appear at the beginning of the process. With the treatment time, the 
microdischarge population reduces, but the size of the discharges becomes larger [95,124], 
which is consistent with the porosity and pore size distribution evaluated in this study. It may 
be that when the coating thickness increases, the accumulation of charge traps becomes 
difficult and the discharge is localised. Therefore, because more energy concentrates at the 
same location, a more powerful oxide breakdown takes place and pores of larger size are 
produced. This can also explain the increase in surface roughness with increasing coating 
thickness observed in figure 5.7. It can also be observed that cracks appear in the preformed 
coatings with 30μm and 50μm thickness. This phenomenon can be explained as follows: the 
stresses (comprised of intrinsic, thermal and micro natures [46]) are generated when the 
coating thickness increases. When the coating grows to a certain thickness, the stress 
relaxation leads to cracking, so that the thicker the coating, the larger the cracks.    
5.5 Results of ISIS studies 
Before we discuss the results of ISIS experiments, it is necessary to point out the effects 
of electrolyte characteristics on the discharge intensity and population. During the PEO 
process, both the population and intensity of discharges are inversely proportional to the 
preformed coating thickness and directly proportional to the electrolyte temperature and 
conductivity. In other words, when a combination of low electrolyte temperature and 
conductivity with thicker coatings is employed, almost no sparking can be observed during 
the PEO process.  
Figure 5.8. represents the results of the ISIS study on the Al samples with three different 
preformed coating thicknesses under different electrolyte conditions such as (a) high 
conductivity with low temperature, (b) low conductivity with low temperature, (c) high 
conductivity with high temperature, and (d) low conductivity with high temperature. A 
simplified Randles circuit was used to fit the above impedance spectra.  
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Fig. 5.7. SEM images of surface and cross-section coating morphology for 15μm (a) (b), 
30μm (c) (d), and 50μm (e) (f). 
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Fig. 5.8. Complex plots from ISIS method under (a) high conductivity (6.91mS·cm-1) with 
low temperature (5~10℃), (b) low conductivity (2.82mS·cm-1) with low temperature (5~10
℃), (c) high conductivity (6.91mS·cm-1) with high temperature (40~50), (d) low conductivity 
(2.82mS·cm-1) with high temperature (40~50℃), and (e) a simplified Randles circuit. 
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From the results, negative resistance occurs in the low frequency range under all 
electrolyte conditions, especially at high temperature. Following discussion in section 4.8, it 
can be speculated that this phenomenon is related to the discharge events during the PEO 
process. To compare the impedance spectra of the process carried out using coatings with  
different preformed thicknesses, in solutions with different properties, thicker preformed 
coatings present larger impedance arcs. At the same conductivity conditions, the effect of 
electrolyte conductivity is stronger in the low temperature electrolyte than the high 
temperature one. It can be also speculated that when the temperature increases, the ionization 
is more active, and this then decreases the impedance of the PEO process. However, even 
though the impedance spectra are similar, the region of negative resistance behavior is more 
obvious in the HC electrolyte. These results are supported by observations of discharge 
population and intensity during the PEO process. On the other side, when the treatment is 
carried out in the electrolytes with the same conductivity, smaller impedance spectra occur at 
higher temperatures. 
As regards to the equivalent circuit, beside the low frequency regions exhibiting the 
negative resistance behavior, the spectra can be easily fitted with a single loop circuit, known 
as a simplified Randles circuit (figure 5.8e). The interpretation of the equivalent circuit 
elements were the same as discussed as in Chapter 4. As for the negative resistance parts, a 
more accurate equivalent circuit fitting and physical meaning of corresponding elements is 
discussed in Chapter 4.  
 
5.6 Results of Ex-situ EIS studies 
The PEO samples produced at above conditions were studied using conventional 
electrochemical impedance spectroscopy, at ambient temperature. This condition was applied 
because the correlation between solution temperature and impedance is already known as the 
smaller impedance spectra occur under higher temperature. Figure 5.9 represent the results of 
ex-situ EIS study under the controlled variable, such as three coating thicknesses: (a) 15, (b) 
30, (c) 50μm, and three electrolyte conductivities: (d) high (CH), (e) medium (CM), and (f) 
low (CL) conductivity. Here, three equivalent circuits are used to fit these impedance spectra 
(figure 5.10). The ex-situ EIS results indicate that, in all the different coating thickness, 
relatively high electrolyte conductivity provides smaller impedance spectra. Comparison with 
the ISIS spectra reveals tremendous differences for all electrolyte conductivities and coating 
thicknesses. When investigating the effects of different preformed coating thickness under the 
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same controlled solution conductivity, it can be seen that the largest EIS spectra corresponds 
to 15μm preformed coating. Referring back to the SEM images, this is associated with a 
relatively defect-free morphology of the surface layer compared to other two coatings.      
Several equivalent circuits (figure 5.10) were developed to fit the impedance spectra 
obtained in the electrolytes with different conductivity. In these circuits, Rs is the electrolyte 
resistance, R1 is the charge transfer resistance across the PEO coating and CPE1 represents 
the geometrical capacitance affected by the coating morphology. For all electrolytes, the 
impedance spectra in the low frequency region present the behavior which can be described 
as diffusion or double layer. Therefore, the loop of R2 and CPE2 is used to present the double 
layer behaviour, and the Ws is used to present the diffusion behaviour in the low frequency 
region [114,117]. Due to the PEO coating morphologies, it is believed that both diffusion and 
double layer occurs during the EIS study. However, because of the difference of coating and 
electrolyte characteristics such as porosity, pore size, cracks, coating thickness and the 
electrolyte conductivity, the impedance spectra under above controlled variables were fitted 
by three equivalent circuits which were designed for three different conditions in the low 
frequency region such as (a) when the double layer behaviour is stronger, (b) the diffusion 
behaviour is stronger, and (c) both double layer and diffusion behaviour are not negligible. 
The fitting results are shown in Table 5.4.  
From figure 5.9 and Table 5.4 it follows that the behavior of impedance spectra in the 
low frequency region is affected by the electrolyte conductivity. A stronger diffusion effect 
occurs at a lower electrolyte conductivity and a thicker coating thickness, while the effects of 
double layer is stronger at a higher electrolyte conductivity and at thinner coating thickness. 
Strong effects of both the double layer and the diffusion behaviour occur at the condition 
with the lowest electrolyte conductivity and the thickest coating.  
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Fig. 5.9 Results from ex-situ impedance method under controlled variable, such as thickness 
(a) 15μm,(b) 30μm, (c) 50μm, and conductivity (d) 5.39 mS·cm-1, (e) 6.91 mS·cm-1, (f) 2.82 
mS·cm-1.  
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Fig. 5.10 Equivalent circuits for the results from ex-situ impedance spectroscopy. 
 
Table 5.4. Fitting results of ex-situ EIS study under controlled variable: 
Electrolyte 
conductivity 
(mS·cm-1) 
Coating 
thickness 
(μm) 
R 
(Ω·cm2) 
R1 
(Ω·cm2) 
CPE1-T 
(F·cm-2) 
CPE1-P 
R2 
(Ω·cm2) 
CPE2-T 
(F·cm-2) 
CPE2-P 
Ws-R 
(kΩ·cm2) 
Ws-T 
(s) 
Ws-P 
Medium 
conductivity 
15 734.2 20282 1.3×10-6 0.80 6.9×104 3.4×10-5 0.98 ― ― ― 
30 98.0 1480 4.6×10-5 0.72 ― ― ― 1.7×103 3.5 0.71 
50 57.8 5642 4.7×10-6 0.79 ― ― ― 1.1×104 6.8 0.58 
High 
conductivity  
15 5.7 1913 4.3×10-5 0.55 2.7×103 2.5×10-4 0.86 ― ― ― 
30 137.9 2811 1.0×10-5 0.70 8.9×103 2.3×10-4 0.9 ― ― ― 
50 111.2 1625 1.7×10-5 0.71 4.6×103 4.5×10-4 0.86 ― ― ― 
Low 
conductivity 
15 87.6 99851 3.5×10-7 0.86 9.0×105 4.1×10-7 0.68 ― ― ― 
30 55.0 37398 3.1×10-7 0.81 ― ― ― 6.2×103 2.1 0.42 
50 92.2 74134 4.0×10-7 0.86 1.3×105 9.0×10-7 0.78 1.8×106 348.1 0.42 
Rs R1 R2 
CPE2 
CPE1 
Rs R1 R2 
CPE2 
CPE1 
Ws1 Rs R1 Ws1 
CPE1 
(a) (b) (c) 
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5.7 Comparison between in-situ and ex-situ impedance 
behaviour 
Figure 5.11 (a) and (b) visualise differences between the ISIS data and ex-situ EIS 
data, in high and low conductivity electrolytes, respectively. By comparing the impedance 
spectra from in-situ and ex-situ impedance spectroscopy, the following effects can be 
observed. Firstly, for the same electrolyte characteristics, it can be deduced that the 
difference of impedance spectra reveals the effects of discharge. Secondly, from the Bode 
plots, the impedance modulus decreases and the phase angle increases in the low 
frequency region in the ISIS spectra, which indicates a more active behavior of the 
system due to the discharge phenomena occurring during the PEO process. Thirdly, the 
phase angle approaches zero in the low frequency region of the ISIS spectra also 
representing active behavior. 
From the results, it also follows that discharge effects are stronger in the low 
conductivity electrolyte. The low electrolyte conductivity provides a larger difference 
between the spectra from the ISIS method and ex-situ impedance spectroscopy in the 
complex plot. In the Bode plots, the discharge effect is observed among a longer 
frequency range, for the electrolyte with low conductivity.  
Figure 5.12 compares discharge effects for different coating thicknesses. The results 
indicate that the effect of discharge is strongly influenced by the coating thickness, with 
the difference in impedance behaviour of in-situ and ex-situ reducing for thicker coatings. 
On the other hand, when PEO treatments are applied to a thicker performed coating, the 
frequency range of discharge effects becomes narrower. In the situation when no visible 
discharge was observed for the 50μm preformed coating, the effect of the discharge in the 
Bode plots is also diminished. 
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Fig. 5.11 Comparison between the impedance spectra from ISIS method and ex-situ EIS 
under (a) HC electrolyte, (b) LC electrolyte 
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Fig. 5.12 Comparison between the results from ISIS method and ex-situ EIS under different 
preformed coating thickness: (a) 15μm,(b) 30μm, (c) 50μm 
5.8 Summary 
During the PEO process, the observed discharge density was reduced in the electrolytes 
with (a) low temperature, (b) low conductivity, and (c) thick pre-formed coating. No sparking 
is observed when all these conditions are combined.  
The observed coating porosity decreases and the surface roughness increases with 
increasing thickness of pre-formed coating, with obvious cracks appearing on the surface of 
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the thicker coatings.   
The differences in the in-situ impedance spectra clearly reflect the effects of pre-formed 
coating thickness, whereas the effects of electrolyte temperature and conductivity are less 
obvious and negligible, respectively. In the ex-situ impedance spectra, the smaller impedance 
is observed at the higher electrolyte conductivity; ~15μm preformed coatings provide the 
largest impedance spectra, which is probably associated with a relatively defect-free 
morphology of the coating. A more complex equivalent circuit is required to fit the 
impedance spectra from ex-situ impedance spectroscopy than those from the ISIS 
experiments. In the low frequency region of the EIS spectra, a much stronger diffusion effect 
is observed at a lower electrolyte conductivity and a thicker coating thickness, while the 
effects of the double layer are much stronger at a higher electrolyte conductivity and for a 
thinner coating. Strong effects of both the double layer and the diffusion behaviour are 
observed at the condition with the lowest electrolyte conductivity and the thickest coating. 
Comparison between the ISIS and ex-situ EIS spectra provides clear evidence of the 
effect of the discharge; the total impedance is much higher for the ex-situ impedance spectra 
than for the ISIS ones. The difference is caused by the discharge events during the PEO 
process. In the Bode plots, the effects of the discharge appear to be stronger for the thinner 
coatings; the low electrolyte conductivity provides a larger difference between the in-situ and 
ex-situ impedance spectra in the complex plot. 
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Chapter 6 
Effects of Coating Morphology on 
Impedance Spectra of the PEO Process 
Previous chapters have demonstrated the utility of the ISIS method in investigation of 
the PEO process. It was also noticed that the in-situ impedance spectra of the process often 
feature evidence of distributed and unconventional lump elements present in the system; 
however the nature of such behavior is not clear.  
In most cases, the distributed properties are modeled by including a constant phase 
element (CPE) which can be associated with different factors, including variable coating 
thickness, topology or composition. When the CPE element is used to represent the coating 
layers, the meaningful range of CPE-P value should be between 0.5 to 1. This follows from 
the properties of CPE discussed in section 3.1.3. When the CPE-P = 1, the CPE element is 
treated as a pure capacitance which is usually used to fit a dense and smooth coating layer; 
when CPE-P = 0.5, the CPE element represents the same behavior as Warburg element, which 
is often used to describe the diffusion process, e.g. in a porous medium.  
In this chapter, the effects of coating morphology on in-situ impedance spectra of the 
PEO process on Al are studied using a fractal approach. As discussed in section 3.5, fractal 
analysis is a useful method to investigate the properties of heterogeneous (e.g. rough, porous 
or multiphase) materials, which can provide a direct link to the CPE characteristics. The 
fractal analysis is applied to surface plane and cross-sectional SEM images of the PEO 
coatings with a range of nominal thicknesses produced during different treatment times. 
Fractal dimensions of morphological characteristics of the PEO coatings are derived and 
related to CPE elements that appear in the models used for the fitting of impedance spectra. 
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Further comparisons is made with the results of conventional EIS analysis performed on the 
PEO coatings in working silicate-alkaline electrolytes. 
6.1 Introduction  
A fractal dimension is very often a non-integer number used to describe the fractals, 
which provides a measure of irregularity, or boundary fragmentation degree different from 
Euclidean objects (point, line, plane, etc.) [131]. Fractal analysis is a method to evaluate 
fractal behavior and fractal dimension from images, that is, complex graphics or multi phase 
images can be transformed to a simple value (fractal dimension) for investigation and 
comparison. In 1984, this method was proposed to be applied to materials surfaces in the 
micro scale [132]. The relation of the fractal dimension to the CPE-P value in equivalent 
circuits used to simulate EIS data was also proposed in 1985 [137]. This study demonstrated 
that the correlation between the CPE-P value and the fractal dimension of the object is 
possible to trace, although with a limited degree of accuracy. Therefore, fractal analysis is 
considered to be a method which can contribute to a better understanding of the PEO process.   
The purpose of this part of the study is to investigate the effects of coating 
characteristics on the ISIS spectra of the PEO process of Al by comparing two characteristics: 
the α value which is used to describe the effects of coating morphology and the CPE-P value 
from the equivalent circuit of the ISIS spectrum, which is used as a measure of the effects of 
both the coating morphology and the electric field distribution in the electrolyser during the 
PEO process. The comparison between α and CPE-P is used to reveal the electric field effect 
on the PEO process. 
6.2 Coating morphology 
The experimental setup employed for this part of the work is discussed in Chapter 4 (fig. 
4.1); this was used together with fractal analysis to study the coating morphology effects on 
impedance spectra of the PEO process under different types of electric field and electrode 
outs. Therefore, the influence of various electric field conditions is also investigated.  
Capacitance is the element used to present the coating properties and morphology in the 
analysis of ISIS data. The coating capacitance (C) can be calculated by the following 
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equation:      
                      (                         (6.1) 
where the ɛ0 is the vacuum permittivity with the value ≒ 8.854×10−12 (F/m), ɛr is 
relative permittivity (or dielectric constant) of the material, A is the surface area and d is the 
coating thickness. From the equation, for the same coating on the same substrate, A and d are 
the two main parameters that affect the capacitance. This provides correlations with several 
coating characteristics, such as average coating thickness, porosity, surface and interfacical 
roughness.  
To calculate the theoretical value of the coating capacitance, the characteristics of PEO 
coatings were analysed by SEM (Jeol JSM 6400), which was used to produce a large number 
of cross-sectional images to study the coating morphology. Next, a specialised morphology 
analysis software ZEISS-KsRun was used to evaluate the distribution of PEO coating features 
(thickness, porosity, surface and interface roughness) on SEM images. The results of these 
analyses are summarised in Table 6.1.  
 
Table 6.1 Coating characteristics under different types of electric field and electrode layout.  
Electric 
field  
Layout 
Average 
thickness 
(μm) 
Porosity 
(%) 
Surface 
roughness 
(Rz) (μm) 
Interfacial 
roughness 
(Rz) (μm) 
Specific 
surface area  
(per 100 μm2) 
Specific 
interface area  
(per 100 μm2) 
Converging 
equidistant 22.02  3.83 6.94 3.79 190.72 118.81 
non- 
equidistant 
29.12 3.58 13.64 4.82 147.38 135.96 
Parallel 
equidistant 10.63  4.19 4.19 3.56 132.71 114.70 
non- 
equidistant 
11.35  3.37 7.49 4.08 113.21 114.17 
Diverging 
equidistant 7.38  3.58 5.13 5.27 159.01 126.16 
non- 
equidistant 
7.25  4.4 4.58 4.25 113.00 116.21 
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Coating thickness and porosity are the two characteristics that affect the d parameter in 
equation 6.1. From table 6.1, converging electric field conditions produced the thickest 
coatings around 2 ~ 2.5 and 3 ~ 3.5 times thicker than those produced under parallel and 
diverging conditions, respectively. Porosity is similar for different coatings, in the range of 
3.5 ~ 4.5 %. However, the pore size varied in two extreme ranges for the coatings produced 
under converging electric field. Figure 6.1 reveals that the pore size is mainly distributed in 
the range of 0 ~ 6μm in all coatings. Under all electric field conditions, the equidistant 
electrode layout provides in relatively higher probability density in the range of pore size 
under 3μm, and a higher in the range of 3 to 6μm for all non-equidistant layouts. 
To evaluate the actual surface area A, both surface and interface roughnesses were 
measured. Among all conditions, the coatings produced under the converging electric field 
have the highest surface roughness; however, the interface roughness is similar. The 
non-equidistant layouts provide relatively higher interface and surface roughnesses than the 
equidistant ones, except for the diverging field. Using the values of surface and interface 
roughness, specific surface/interface areas were analysed. Here, the average roughness of 
both surface and interface under all electric field conditions and electrode layouts were 
analysed by using the ten-point mean roughness method (Rz). Additionally, both the specific 
surface and interfacial areas were calculated by using the square of the average physical 
length of PEO coating per 100µm. 
Fig. 6.1. Pore size distribution under different conditions of electric field and electrode 
layouts. 
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To calculate the theoretical capacitance, the values of average coating thickness from 
Table 6.1 were used as the parameter d in equation 6.1. For the surface area A, the values of 
the specific surface area were calculated using equation 6.2: 
A = Specific surface area (per 1μm2) × total surface area of the working electrode  (6.2) 
where the specific surface area (per 1μm2), have been calculated and shown in Table 6.2. The 
value of ɛr = 10.8 was accepted, corresponding to pure alumina ceramic with 1% porosity 
[161]. The results of theoretical capacitance evaluation are presented in Table 6.2. The 
capacitance from ISIS fitting was also evaluated using a model with single RC loop in the 
high frequency range (2 to 20kHz); this is associated with charge transfer across the PEO 
coating. When comparign the theoretical and ISIS derived capacitance values, it should be 
noticed that the value of CPE-T is around 10 times higher than the theoretical value for the 
parallel and diverging field conditions, but around a hundred times and two hundred times 
higher for the converging-equidistant and non-equidistant conditions, respectively. The 
difference may caused by the CPE-T values from the ISIS fitting not indicating the status of 
the whole PEO coating but only relating to the barrier layer at the bottom of the discharge 
channel. Therefore, the thickness of the barrier layer (dBL) can be calculated from the CPE-T 
values, specific interface area and by using equation 6.1. The evaluated dBL values in Table 
6.2 are around 0.1 to 1μm, which are consistent with the cross-sectional SEM images of PEO 
coatings in section 4.5.2 (figure 4.6). The results in Table 6.2 are also consistent with the 
results of comparison of the ISIS spectra with ex-situ EIS spectra discussed in section 5.7, 
which indicates that the effects of discharge reduce both the real (pure resistance) and 
imaginary (impedance from capacitance and inductance) impedance components during the 
PEO process. Moreover, the largest difference between CPE-T and theoretical capacitance 
occurred under the converging electric field condition, which also matches with the results of 
evaluation of the effects of electric field distribution discussed in section 4.7 (figure 4.9.), 
wherein the smallest impedance spectra occurred under converging types of electric field.  
Table 6.2 Comparison of capacitance between theoretical and ISIS fitting value of CPE-T. 
Field Layout 
Specific surface area 
(per 1μm2) 
Capacitance 
(theoretical) (F) 
CPE-T 
(In-situ IS) (S·sn) 
dBL 
(μm) 
Converging 
equidistant 1.55 8.42×10-9 7.63×10-7 0.17 
non-equidistant 1.42 5.83×10-9 9.17×10-7 0.18 
Parallel 
equidistant 1.24 1.08×10-8 9.19×10-8 1.16 
non-equidistant 1.14 9.27×10-9 5.97E×10-8 1.77 
Diverging 
equidistant 1.43 1.80×10-8 1.63×10-7 0.72 
non-equidistant 1.15 1.47×10-8 1.60×10-7 0.68 
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6.3 Fractal analysis of the coating morphology 
The fractal analysis was carried out using a frac347e software [136] to evaluate fractal 
dimensions (D) of background (substrate and epoxy resin from cold mounting) removed 
coating layers in the cross-sectional gray-scale SEM images. As discussed in the introduction, 
the value of D can be transferred to a value of α (morphology effect) for comparison with 
in-situ CPE-P value by using Nyikos and Paikossy's equation [137]: 
                     𝛼 = 1
D˗1
                                                    (6.3) 
Fractal dimensions were measured from around 50 background-removed gray-scale 
cross-sectional SEM images, typical examples of which are provided in figure 6.2. The 
values of fractal dimension were averaged to provide more accurate estimates of D in all 
electric field conditions and corresponding electrode layouts as shown in Table 6.3. The 
above values have also been transformed to α values for comparison with in-situ impedance 
spectroscopy data. As follows from Table 6.3, for all electric field conditions the equidistant 
geometries provide slightly higher fractal dimension than the non-equidistant ones. The 
difference in fractal dimensions between the electric field conditions is negligible, even 
through the morphology difference is obvious in the above images. 
Table 6.3 Fractal dimension from all electric field conditions, and transformed α value 
Field Layout 
Fractal dimension 
(D) 
α 
Converging 
equidistant 2.23 ± 0.03 0.82 ± 0.02 
non-equidistant 2.17 ± 0.02 0.86 ± 0.01 
Parallel 
equidistant 2.19 ± 0.03 0.84 ± 0.02 
non-equidistant 2.18 ± 0.02 0.85 ± 0.02 
Diverging 
equidistant 2.23 ± 0.03 0.82 ± 0.02 
non-equidistant 2.21 ± 0.03 0.83 ± 0.02 
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Fig. 6.2. Typical examples of gray-scale images of PEO coatings produced in different 
electric field conditions, with background removed. 
 
The CPE-P values from the circuits developed to fit ISIS data are affected by both 
electric field and coating morphology, evolving during the PEO process. Comparison of the 
coating morphology effect (α value) with the combined effect of the coating morphology and 
electric field (CPE-P value) is shown in Table 6.4. As mentioned in the Introduction, smaller 
values present stronger effects of coating morphology or electric field. From Table 6.4, the 
mean average α values with the corresponding standard deviations indicate that the effects of 
coating morphology under all conditions of electric field and electrode layouts are similar. 
However, combined effects of coating morphology and electric field are relatively stronger 
under the converging conditions than under others. The values of difference in CPE-P values 
between the converging and other conditions are around 0.2~0.25 whereas corresponding 
standard deviations of all condition is about 0.02~0.03, which is similar and even higher than 
those for the parallel and diverging electric field conditions, respectively. Another point is 
that under the same electric field conditions, the difference in CPE-P values between 
equidistant and non-equidistant electrode layouts is negligible.     
 
(a) Converging-equidistant (b) Converging-non-equidistant 
(c) Parallel-equidistant (d) Parallel-non-equidistant 
(e) Diverging-equidistant (f) Diverging-non-equidistant 
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To separate the effects of electric field, a difference between CPE-P and α is considered 
(Table 6.4). The negative values observed for both converging conditions can be interpreted 
as an amplifying effect of the non-homogeneous electric field distribution, and the positive 
values obtained for the parallel condition indicate a rectifying effect of the uniform electric 
field on the impedance affected by the heterogeneous coating morphology. In fig. 6.3, the 
comparison between α and CPE-P values is shown, indicating that converging type of electric 
field provide the strongest effect compared to the parallel and diverging fields.  
 
 
 Table 6.4 Comparison of coating morphology and electric field effects 
Field Layout 
α 
(Effect of 
coating 
morphology) 
CPE-P 
(Sum coating 
and electric 
field effect) 
CPE-P ━ α 
(Effect of 
Electric 
field) 
Meaning 
Converging 
equidistant 0.82 ± 0.02 0.67 ± 0.03 -0.15 
Both heterogeneous 
coating morphology 
and non-uniform 
electric field contribute 
significantly to the 
impedance spectra of 
the PEO process. 
non-equidistant 0.86 ± 0.01 0.65 ± 0.03 -0.21 
Parallel 
equidistant 0.84 ± 0.02 0.87 ± 0.03 +0.03 
The impedance is 
mainly affected by the 
heterogeneous coating 
morphology 
non-equidistant 0.85 ± 0.02 0.90 ± 0.03 +0.05 
Diverging 
equidistant 0.82 ± 0.02 0.82 ± 0.02 0 The impedance is 
affected only by the 
coating morphology non-equidistant 0.83 ± 0.02 0.82 ± 0.01 -0.01 
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Fig. 6.3 The effects of electric field and coating morphology under different electric field 
types during the PEO process.   
 
In terms of fractal analysis of cross-sectional SEM images, the above-mentioned  
parameters such as thickness, porosity, surface and interfacial roughness are the main 
morphological characteristics affecting the fractal dimension of the PEO coatings. 
Correlations between these morphological characteristics and fractal dimension/CPE-P value 
from the ISIS data are analysed as shown in fig 6.4~6.7. From the trend line equations and 
corresponding standard deviations, CPE-P presents much higher correlation than the α values 
with the coating thickness (R2= 0.77). Both the values of CPE-P and α present weak 
correlations with surface roughness (R2= 0.42 and 0.44). As regards to the porosity and 
interface roughness, both values present very low correlations (R2 <0.1 ).  
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Fig. 6.4 Correlation between thickness and fractal dimension/ CPE-P values  
 
 
 
 
 
 
 
 
 
  
Fig. 6.5 Correlation between interface roughness and fractal dimension/ CPE-P values 
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Fig. 6.6 Correlation between porosity and fractal dimension/ CPE-P values 
 
 
 
 
 
 
 
 
Fig. 6.7 Correlation between surface roughness and fractal dimension/ CPE-P values  
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To confirm that the differences between CPE-P and α values are caused by the electric 
field distribution, 2D images of electric field distribution obtained by COMSOL modelling of 
corresponding electrode geometries and layouts in the cell were transferred to the gray-scale 
images as shown in figure 6.8 and subjected to fractal analysis. In the figure, white regions 
indicate the electrodes, while the gray-scale gradient indicates the distribution of the electric 
field between these. In the converging electric field conditions, the non-equidistant electrode 
layout provides a larger field distribution region and a relatively stronger intensity near the 
working electrode (centre) than the equidistant one. Similar to the converging condition, the 
non-equidistant electrode layout under the parallel electric field condition provides a stronger 
intensity of electric field between the working electrode and the near side of the counter 
electrode (figure 6.8 d). The difference in the electric field intensity is inconspicuous between 
the equidistant and non-equidistant electrode layouts under the diverging electric field 
condition; the distribution of electric field is even between the electrodes in the equidistant 
electrode layout under all electric field conditions.   
Table 6.5 shows the fractal dimension of electric field distribution modeled by 
COMSOL and transferred to αe values using equation 6.1. In the table, the strongest effect of 
electric field distribution occurs under the converging condition, with αe = 0.85 and 0.88 
obtained for the equidistant and non-equidistant electrode layouts, respectively. The effects of 
electric field distribution are slightly stronger for the diverging electric field conditions 
(~0.90) than for the parallel ones (~0.93). The only obvious effect of the inter-electrode 
distance is observed for the converging type of electric field, for which the αe values are 
different in 0.03. The correlation between electric field distribution (αe) and CPE-P/α value is 
shown in figure 6.9, from which it follows that the electric field distribution provides a strong 
correlation with the CPE-P value, and a weak correlation with the α value. These results are 
consistent with data of Table 6.4, indicating that relatively strong effects of electric field 
occurred in the both converging electric field conditions, whereas the effects of electrode 
layouts are negligible under the parallel and diverging electric field conditions.  
 
Chapter 6 Effects of Coating Morphology on Impedance Spectra of the PEO Process 
167 
 
Fig. 6.8 Gray-scale images of electric field distributions obtained from the COMSOL 
modeling of the PEO process in the cells providing different types of electric field and 
electrode layout: (a) converging - equidistant, (b) converging - non-equidistant, (c) parallel - 
equidistant, (d) parallel - non-equidistant, (e) diverging - equidistant, (f) diverging - 
non-equidistant. 
(a) 
(d) (c) 
(b) 
(f) (e) 
Chapter 6 Effects of Coating Morphology on Impedance Spectra of the PEO Process 
168 
 
 
Table 6.5 Fractal dimensions of COMSOL modeled electric field distribution  
Field Layout 
Fractal dimension 
of Electric field αe 
Converging 
equidistant 2.18 0.85 
non-equidistant 2.13 0.88 
Parallel 
equidistant 2.08 0.93 
non-equidistant 2.09 0.92 
Diverging 
equidistant 2.11 0.90 
non-equidistant 2.11 0.90 
 
 
 
Fig. 6.9 Correlation between electric field distribution and fractal dimension/ CPE-P values 
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6.4 Summary 
In this part of the work, fractal analysis was used to investigate the coating morphology 
presented in a simple form of α. The α value was compared with the CPE-P values obtained 
using the ISIS method to understand the effects of coating morphology and electric field on 
the working electrode during the PEO process. The coating characteristics under different 
electric field conditions and electrode layouts were studied. The difference in the thickness of 
PEO coatings produced in parallel and diverging electric fields with equidistant and 
non-equidistant electrode layouts is negligible. This is however significant for the converging 
field. The coating porosity is similar for all conditions, ranging from 3.5 ~ 4.5 %. Surface 
roughness was found to be higher for the coatings produced in the converging electric field, 
whereas the interfacial roughness, is similar for all coatings.  
Comparison between the theoretical capacitance, which accounts for the specific surface 
and interface area of the coating, and corresponding CPE-T values derived by ISIS fitting in 
the high frequency domain shows that the CPE-T values are around 10 times larger than the 
theoretical capacitance in parallel and diverging conditions, and around 100 times larger in 
the converging one. These results can reveal that the CPE-T values from the ISIS fitting do 
not indicate the status of the whole PEO coating but only relate to the barrier layer at the 
bottom of the discharge channel. Therefore, the thickness of the barrier layer (dBL) can be 
evaluated from the CPE-T value and specific interface area. The results of dBL are consistent 
with the cross-sectional SEM images of PEO coatings. 
Comparison of the α values from fractal analysis with corresponding CPE-P values 
obtained by the ISIS method indicates that: (1) for the converging field conditions, both 
heterogeneous coating morphology and non-uniform electric field contribute significantly to 
the impedance spectra of the PEO process, (2) for the parallel field conditions, the impedance 
is mainly affected by the heterogeneous coating morphology, and (3) for the diverging field 
conditions, the impedance is affected only by the coating morphology. 
The studies into correlations between morphology characteristics and the α value/CPE-P 
have demonstrated relatively strong correlations between the CPE-P value (including the 
effect of coating morphology and electric field distribution) and the coating thickness. Both 
CPE-P and α values presented weak correlations with surface roughness and no correlations 
with interfacial roughness and porosity. The electric field distribution obtained by COMSOL 
modelling and presented in the form of αe value has a strong correlation with the CPE-P 
value from ISIS, and weak correlation with the α value from the coating morphology 
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analysis.   
 
Chapter 7 
Characterisation of discharge events 
during plasma electrolytic oxidation 
of Al 
7.1 Introduction  
Results of ISIS studies discussed in previous chapters have revealed uncertainties in 
interpretation of the PEO system behaviour outside the range of available frequencies (20 Hz 
to 20kHz). The data processing procedures and analytical methods for evaluation of the 
boundary conditions do not allow elimination of these uncertainties. This outlines the need 
for application of frequency response characteristics of the PEO system at high and low 
frequency ends. This also limits the studied current modes to the DC PEO regime as there is 
no technical possibility at the moment to carry out PBC PEO treatments outside the above 
frequency range.  
Yet another challenge remains in identification of discharge specific optical emission 
with fluctuations in the electrical signal from the PEO system. The overview of the 
state-of-the-art in this field (Chapter 2) has revealed the need in careful time-resolved 
imaging, study of individual discharge events in a wide range of exposure times. To address 
these problems, high-resolution imaging and current probe methods are applied in this 
Chapter to the DC PEO process of Al carried out at different voltages.   
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7.2 Methodology of discharge events investigation  
7.2.1 Experimental details 
Rectangular samples with size 20mm x 25mm x 5mm made from 6082 Al alloy with the 
main surfaces preliminary polished to achieve Ra ~ 0.1µm were used in experiments. The 
electrolyte was composed of 1.5 g/L KOH, 1.5 g/L Na4P2O7·10H2O, 2 g/LNa2SiO3. The 
PEO treatments were carried out in a 10-litre glass tank equipped with cooling and agitation 
systems to control the temperature of electrolyte around 30℃. The duration of PEO treatment 
was setup at 20min in each experiment. A DC power supply was chosen to provide a simple 
steady power source and avoid discharge interruption due to the changing polarity or pause 
introduced in the bipolar and unipolar pulsed modes respectively. 
A Specialised Imaging Multi-Channel (SIM) Framing Camera was used to obtain 
ultra-high speed images (UHSIs) of the sample surface during the PEO process. Further 
details of this equipment are provided in sections 3.6. The SIM camera was controlled by 
specialised software via a standard ethernet link. The pixel images were recorded in the form 
of digital *.TIF file containing information on relative intensity (0~4095 arbitrary unit) and 
coordinate position. 
Tektronix A6303 current probe with TM502A amplifier (100A, 200MHz) used for data 
acquisition. NI PXI-5922 dual-channel digitalizer on PXie-1071 chassis were used to record 
the current signal and analyse fast current transients in different time scales 10-3 to 10-6s 
(Figure 7.1). The signal can be plotted in time domain and transferred by Fast Fourier 
Transform (FFT) to Power Spectral Density (PSD) in frequency domain. The vertical 
resolution at this device is 16 bits and 24 bits at samples rate of 15MS/s and 500k/s, 
respectively. The PXie-1071 interface was also used to control the power supply for the PEO 
treatment. 
By using the above equipment, two types of experiments were designed to investigate 
the  discharge events occurring during the PEO process. The first type of the experiment 
was carried out using a fixed exposure time to study lifetimes and trajectories of discharge 
events. Variable exposure time experiments were also carried out to investigate correlations 
between the exposure time and discharge size and intensity. Further details of these 
experiments are discussed in the following sections. 
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Fig. 7.1 Data acquisition accessories on NI PXie-1071 platform (a), including  TM502A 
amplifier (b), NI PXI-5922dual-channel digitalizer (interface) (c), and Tektronix A6303 
current probe (d). 
7.2.2 Fixed exposure time experiments 
The UHSIs were captured under applied voltages of 500V, 550V and 600V. A fixed 
exposure time was setup in the range from10ns to 1ms and kept constant for all frames. The 
captured UHSIs were used to reveal characteristics as lifetime, relative intensity, size and 
trajectories of individual discharge events. These characteristics were also correlated with 
coating morphology from SEM images.   
7.2.3 Variable exposure time experiments 
It is believed that the exposure time in fast video imaging affects the evaluation of 
characteristics of discharge events, such as intensity, size and lifetime. Therefore, it was 
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necessary to investigate various exposure times. The exposure times of 16 channels were set 
in 8 groups at 10ns, 30ns, 100ns, 300ns, 600ns, 1μs, 6μs and 10ms and the inter frame time 
was set as 100ns. These experiments were implemented under two applied voltages of 450V 
and 500V. To investigate the effects of exposure time at different stages of the PEO process, 
the UHSIs were captured every 5 minutes of processing.      
7.2.4 Image analysis 
A *.TIF file of UHSI was initially accessed by a Golden software Surfer 10 to transfer 
the digital image data to numerical of relative intensity with coordinate position. This step is 
required, as the information in the *.TIF file cannot be used directly. Here, the relative 
intensity with coordinate position were used to identify the location of discharge event. The 
small regions with around 50x50 pixel area with a discharge in the centre were then marked. 
After that, a SigmaPlot software was used to select that small region for individual discharge 
event analysis. The data were then presented in the form of a 3D plot with relative intensity 
versus coordinate position as shown in figure 7.2. From these 3D plots, the information of 
each individual discharge event was gathered directly in the form of peak intensity, full width 
at half maximum (FWHM) and the peak coordinates of the discharge. Moreover, the 
integrated optical emission intensity of the individual discharge is calculated as follows:  
                   𝐼 = 0.785 ∙ (𝐹𝐹𝐻𝐹)2 ∙ 𝐼𝑝𝑝𝑝𝑝                      (7.1) 
which is the volume of each individual discharge in the 3D plot. However, this method 
was admitted to be laborious and time consuming, resulting in very slow data processing. 
To speed up the process, a special program was then developed based on MATLAB 
software in collaboration with Dr. E. Parfenov and Ms. V. Mukaeva. This special program can 
directly present the information with values from each location of digital UHSI and 
distinguish the discharge events, with information provided on their location, relative 
intensity, centre of discharge, FWHM. In the case of over range intensity, the peak intensity 
can be estimated by Gauss fitting (figure 7.3). The range of coordinate position can also be 
selected easily for the individual discharge event analysis.  
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Fig. 7.2 A typical example of 3D plot representing an individual discharge event (500V DC 
power supply with 1μs exposure time) with the main characteristics transferred from digital 
*.TIF image.  
Fig. 7.3 The window of a MATLAB program for discharge event analysis. 
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7.3 Spectral analysis of current signal  
PEO is a multiscale process, during which main process characteristics, including 
electrical signals, evolve both gradually (i.e. during the treatment period of several minutes) 
and instantly (i.e. current fluctuations and flashes of light are observed in a sub-second scale). 
The analysis of the current signal was therefore performed on two scales: as a slowly 
evolving current transient and as a fast (sub-second) transient, bearing information on 
individual discharge events.  
7.3.1 Slow current transient 
During PEO processing, the current signal was recorded by a data acquisition device 
with the sampling rate of 0.5 Hz. Under the voltage control mode, the current transient can be 
used to represent the coating growth during the PEO process. The current density increased 
sharply in the first 15s to reach the maximum of 6.2 A/dm2 and 15.8 A/dm2 at the applied 
voltages of 450V and 500V, respectively (figure 7.4). The current densities then decreased 
until nearly constant values were achieved at around 6 and 13 minutes for 450 and 500V, 
respectively. The corresponding values of the steady state current density were around 0.15 
A/dm2and 1.25 A/dm2. A correlation with variation of the density and size of discharge events 
during the PEO process was observed similar to work by Yerokhin, et al [100]. In the early 
stage of the PEO processing, in the sharply dropping down region of current density, the 
discharge events were relatively active, characterised by high spatial density and small size. 
In the middle stage, while the current density reduction rate slowed down compared with the 
previous stage, the density of discharge events decreased and the average size obviously 
increased. The current density was at the steady state with a constant value in the last stage. 
In this period, the average size of discharge events slightly increased while the spatial density 
decreased significantly.   
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Fig. 7.4 Temporal evolution of current density and discharge appearance during PEO of Al 
under potentiostatic conditions.  
7.3.2 Fast current transient 
In addition to the slow current evolution, current transients were also investigated in the 
sub-second time scale (Fig.7.4) with current signal oscillograms with NI 
PXI-5922dual-channel digitalizer (figure 7.5). Both the current signal from the PEO process 
and the so called 'blank' signal (representing noise in the system at the open circuit) were 
recorded for 2ms at a sampling rate of 15×107S/s, and 100mA/div. and at 16 Bit vertical 
resolution. The amplitude range of current signal is from ~100 to ~300mA, with the 
background noise being only ±25mA. This value is higher than the previously reported as the 
largest current pulses to be ~ 70 mA at 8 Bit vertical resolution [97]. The current spectra were 
presented in different time scales as shown in figure 7.6. In the figure, the amplitude and 
waveform of current signal in different time scales can be observed correlated to the 
frequency domain as 1k~10kHz, 10k~100kHz, and 100k~1000kHz, respectively. Figure 7.6 
(a) represents the oscillogram of current signal recorded during 1ms, in which around 20 
obvious peaks can be observed. This corresponds to a resulting rate of a peak about 3×104s-1, 
which can be observed directly in figure 7.6 (b). Figure 7.6 (c) represents the duration of a 
single current peak (~7μs), which matches well with the data of work [97]. According to 
these results, discharge events should be observed under the time scale range from 10-6 to 
10-5s by UHSIs. The UHSIs analysis is presented in section 7.4.  
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Fig. 7.5 Oscillogram of current transient during DC PEO process at 500V.   
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Fig. 7.6 Oscillograms of current signal in different time scales (a) 10-3s, (b) 10-5 s (c) 10-7 s. 
 
(a) 
(b) 
(c) 
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7.3.3 Spectral analysis in frequency domain 
A typical power spectrum of the currents signal obtained by the FFT into the frequency 
domain is shown in figure 7.7. Compared with the blank current signal (background signal), 
the current pulses of the DC PEO process appear in the frequency range of 1...300 kHz, 
which is wider than the range reported by Dunleavy et. al (4...170 kHz) [97]. The current 
transients were also studied at different stages of the PEO process (figure 7.8). It can be seen 
that the current spectra vary significantly with processing time, and the spectral amplitude is 
gradually reduced. Four different main slopes can resolved in the spectral in frequency ranges 
of 300...~600Hz, ~700...~9kHz, ~9k...300kHz, and 300k...1mHz. Several peaks could also be 
observed in the relatively low and middle frequency regions around 2...7 kHz (I) and 20...30 
kHz (II), which corresponds to about 150...500μs and 33...50μs, respectively, in the time 
domain. The peak in the frequency range 20...30kHz is consistent with the previous study 
[97]. These results exactly match the time constants of the two negative resistance loops in 
the equivalent circuits obtained by fitting ISIS data in Chapter 4. These peaks become more 
obvious in the later stages of the PEO process. The peaks in the frequency range 2...7 kHz 
may be due to discharge clustering, which is consistent with the observed increase in the size 
of discharge at longer treatment times. The peak in the range 20...30kHz is conjectured to be 
due to dielectric breakdown, for which the coating thickness increases with treatment time. 
More energy is therefore required to trigger the dielectric breakdown. A correlation between 
the above two phenomena is considered plausible. Current signal oscillograms in these two 
frequency ranges are presented in figure 7.6 (a) and (b). 
Figure 7.9 features the power spectra of the currents signal in the frequency range from 
0 to 30kHz, which overlaps to the frequency range chosen in the ISIS experiments. Four 
different slopes can be observed in different frequency regions. In the lowest frequency 
region (0...2kHz), the first (negative) slope occurred and the spectra decreased sharply to 
around -90...-95 dBV. The value of power spectrum further decreased at the later stage of the 
PEO process, beside the first two minutes. The second slope occurs in the range of 
2k...10kHz, which are positive at spectrum of 2min and 5min, and nearly horizontal at others. 
A peak occurs at the end of the second slope throughout the PEO process. On the spectrum 
recorded at 2min, the peak is located at 10kHz, but it shifts toward lower frequencies at later 
PEO stages and resides at ~5kHz after 15 minutes of treatment. The third slope occurs 
directly after the peak. 10, 15 and 20min of the PEO treatment, the third and the fourth slope 
occur in the frequency ranges 6...10kHz and 10...30kHz, respectively. For the first two 
spectra, it is difficult to separate the third and the fourth slopes. Consistent with figure 7.8, a 
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peak occurs at ~25kHz on the spectra recorded at 10, 15 and 20min of the PEO process. 
Different slopes and peaks in the power spectrum are indicative of different processes 
taking place during PEO treatment. However, the physical meaning of these processes is not 
clear and further investigation is required. Four slopes present in the power spectrum, 
coincide with the number of loops used in the equivalent circuit to fit the ISIS. Both the ISIS 
and power spectrum density method are based on the frequency domain approach and should 
therefore be complimentary. 
 
Fig. 7.7 Spectra of fast current transients of current signals recorded for the unloaded (blank) 
and DC PEO process of Al operated at 500V. 
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Fig. 7.8 Comparison of FFT spectra of current for different time stages of the DC PEO 
process operated at 500V.  
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Fig. 7.9 Comparison of FFT spectra of current under low frequency region (0...30k Hz) for 
different time stages of the DC PEO process operated at 500V.  
7.4 Analysis of discharge behaviour 
7.4.1 Duration of discharge events 
Duration of individual discharge events can be determined directly from the variation of 
optical emission in the images taken in 16 frames as shown in figure 7.10. To present it in a 
more apparent way, each individual discharge event was plotted in 3D with x and y axes 
corresponding to the position coordinates and the z axis to the relative intensity (figure 7.11). 
Rising and falling of intensity of each discharge during its lifetime can be seen in the 3D 
plots. Therefore, the duration of individual discharge events was studied under two different 
exposure times of 1 and 0.5μs. The results presented in figures 7.12 and 7.13, indicate that the 
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duration of individual discharge event varies between 1 to 12μs, and the longer exposure 
times provide longer discharge durations. These ranges of discharge duration are consisted 
with the current signal recorded in figure 7.4. However, the duration of a discharge event of 
around 10μs is shorter than the previous studies [97,109,162,163,165]. To compare with the 
ISIS results in Chapter 4, the nearest time constant were from the first and second RC loops 
of equivalent circuit which the time range of 10~100μs. It can be therefore speculated that the 
first and second loop are associated with the breakdown and discharge phenomena, 
respectively, during the PEO process.    
 
 
 
 
 
 
 
 
 
Fig. 7.10 16 UHSIs of discharge events obtained using SIM-16 camera with interframe and 
exposure times set of 2μs and1μs, respectively.   
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Fig. 7.11 3D plots of an individual discharge event showing variation of its location and intensity with time.
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Fig. 7.12 Duration of individual discharges during 500V DC PEO process observed at 1μs 
exposure time. 
 
 
Fig. 7.13 Duration of individual discharges during 500V DC PEO process observed at 0.5μs 
exposure time. 
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7.4.2 Characteristics of individual discharge events 
Beside the duration of discharge events, other characteristics can also be derived from 
the 3D plots, such as FWHM, peak intensity, and coordinates (figure 7.2). For the analysis of 
these characteristics, the spatial resolution was estimated by conversion of pixel to real 
micrometer scale (1 pixel = 30.5μm). The peak intensity indicates the discharge optical 
emission activity. Usually, the peak with the location region of light emission spot not exactly 
in the centre. From the 3D plots of discharge events, it is clear that the intensity decreases 
from the centre to the periphery, so the Gaussian distribution of optical emission intensity can 
be considered as a good approximation. FWHM were calculated to present the average 
diameter of the individual discharge. When integrated over the sample surface, this 
characteristic indicates the fraction of the coating affected by the discharge. The magnitude of 
peak intensity and FWHM varied with time as shown in figure 7.14. The integrated optical 
emission intensity of the individual discharge was calculated from the 3D plots and by 
equation 7.1. Variations of integrated optical emission intensity of selected discharges with 
time are shown in figure 7.15. Comparing figures 7.14 and 7.15 with the current oscillations 
in figure 7.6 (c), the duration of an integrated optical intensity peak is consistent with the 
current oscillation, which is around ~10μs. It can be said that the current evolution in the time 
scale of 10-6s indicates the duration of discharge events.   
The peak centre was considered as the discharge location which allows to trace the 
trajectory of the discharge displacement from frame to frame. To verify the displacement of 
individual discharge is genuine, a possible interference caused by the system vibration was 
evaluated and found insignificant. Displacements of discharges from frame to frame were 
random, well exceeding the pixel resolution, and indicated a typical movement within 
~200μm from the initial location during the period of imaging (figure 7.16). The average 
velocity of the discharge displacement was of the order of 33.5m/s.  
The characteristics of an individual discharges were presented above. However, it is 
believed that different camera exposure time may affect the UHSI analysis of the discharge 
characteristics, such as intensity and FWHM. Therefore, it is necessary to investigate the 
correlation between discharge characteristics and different exposure times. The results are 
presented and discussed in the next section. 
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Fig. 7.14 Temporal evolution of peak intensity and FWHM of an individual discharge varying 
with time (500V DC PEO with 1μs exposure time). 
  
  
Fig. 7.15 Temporal evolution of integrated optical emission intensity of an individual 
discharge varying with time (500V DC PEO with 1μs exposure time). 
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Fig. 7.16 Trajectories of three individual discharges in the same UHIS collection during 31μs. 
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7.5.Effects of variable exposure time  
To investigate the effects of exposure time on discharge characteristics, the UHSIs from 
14 fragments of same frame collection were separated into 7 groups with the exposure time 
varied from 10ns to 3μs and with 100ns separation between each frame (figure 7.17). The last 
two frames were taken with longer exposures to verify the sample position. In this study, the 
spatial resolution was estimated at 14μm, which allows direct investigations of the effects of 
exposure time on discharge size. During the images analysis, the discharges were difficult to  
observe frames taken with shorter exposure times, for which the peak intensities were usually 
lower than the 500 a.u. To identify the discharge in these frames, the location of discharge in 
the frames obtained with exposure of 3μs was initially identified and then traced back to 
shorter exposure times.   
 
Fig. 7.17 Seven images taken at the same instance of PEO processing with different exposure 
time varied from 10ns to 3μs and separated by a 100ns pause between the frames. 
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Fig. 7.18 3D plots (under pixel) of individual discharge in seven groups of different exposure 
time varied from 10ns to 3μs.  
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Dependencies of discharge intensity/FWHM on exposure time at 5th, 10th, 15th and 20th 
minute of treatment are presented in figures 7.19 and 7.20, respectively, covering different 
stages of the PEO process. In the figures, both the peak intensity and the FWHM mainly 
increase with increasing exposure time. Figure 7.21 shows the correlation between the 
integrated optical intensity and the exposure time, which follows a power law. It is worth 
mentioning that the UHSIs captured at 5 minute provide relatively higher peak intensities and 
FWHM. This may be caused by relatively high current densities during the early stage of the 
PEO process. After 10 minutes of treatment at 500V, the current densities become nearly 
constant (figure 7.4), and therefore the peak intensities and FWHMs at 10th, 15th and 20th 
minute were similar at all exposure times. It should also be mentioned that the peak FWHMs 
under the exposure time ranging from 0.1 to 1μs are consistent with previous observations 
[100,162,163,165]. As mentioned above, the discharge is difficult to observe when the 
exposure time is shorter a 0.1μs at all treatment stages. Therefore, it is difficult to discuss the 
discharge behaviour under these conditions.  
 
Fig. 7.19 Correlation between discharge intensity and exposure time at the 5th, 10th, 15th and 
20th minute of the PEO process (500V). 
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Fig. 7.20 Correlation between FWHM of discharge and exposure time at the 5th, 10th, 15th and 
20th minute of the PEO process (500V). 
 
 
Fig. 7.21 Correlation between integrated optical intensity of discharge and exposure time at 
the 5th, 10th, 15th and 20th minute of the PEO process (500V). 
Chapter 7 Characterisation of discharge events during plasma electrolytic oxidation of Al 
194 
 
In the paper by Dunleavy, et al [98], the radius of plasma bubble generated by the 
discharge is expressed as a function of discharge peak current (figure 7.22). Therefore, the 
FWHM of discharge events can be used to calculate the peak current (figure 7.24). The sum 
of FWHMs for all discharges identified on the sample surface in each individual frame can 
therefore be correlated with the current signal recorded as discussed in section 7.3.2. The sum 
of FWHMs was also calculated for different exposure time conditions to obtain the discharge 
peak current transient under different time scales as in figure 7.24 (a), (b) and (c).  
At 0.5μs exposure time (figure 7.24 (c)), the time scale and the magnitude of discharge 
peak current is correlated with the fast current transients as discussed previously (figure 7.6 
(c)). However, the oscillation behavior (in both amplitude and frequency) of the observed fast 
current transient during 9μs is different from the calculated peak event current in figure 7.24 
(c). The difference may be due to the following two reasons. Firstly, the integrated optical 
intensity of an individual discharge event was estimated as (I) × FWHM as shown in figure 
7.14. However, the discharge events actually occur as plasma bubbles (figure 7.23 a) during 
the PEO process, but the plasma emission actually came through the channels on the coating 
(figure 7.23 b). Therefore, the discharge diameter should be chosen the same as the pore 
diameter, and this may have caused a deviation. Secondly, the optical energy may be emitted 
when the hydrogen atoms return from the excited state to the ground state during the plasma 
bubble evolution. This phenomenon affects the integrated optical intensity, rather than the 
fast current transient. 
  With regard to the effects of the exposure time on discharge displacement, the 
trajectories of individual discharges were investigated for three different exposure times of 
1μs, 0.5μs and 0.1μs, as shown in figures 7.25 (a), (b) and (c), respectively. The results show 
that the discharge displacement is independent of the exposure time. The velocity and the 
spatial range of discharge displacement are similar, except for the point (#5) fig 7.25 (0.1μs 
exposure), which may be affected by the background noise or another discharge event. The 
connection between the discharge characteristics and coating morphologies were investigated 
in next section.   
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Fig. 7.22 Predicted radius of the plasma bubble as the function of discharge peak current [98] 
 
 
Fig. 7.23 Methods to evaluate the discharge diameter, (a) Dunleavy's model [98], (b) a more 
likely model occurring in reality.  
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Fig. 7.24 The peak event current calculated by FWHM in different time scales as the 
exposure times were: (a)1000μs,(b)1μs, and (c)0.5μs. 
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Fig. 7.25 The trajectories of individual discharges captured with different exposure times as 
(a) 1μs,(b) 0.5μs, and (c) 0.1μs. 
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7.6 Correlation of discharge characteristics with surface 
morphology 
It is reasonable to assume that discharge size and trajectory should therefore be reflected 
in the surface morphology. Figure 7.26 shows the trajectory of individual discharge 
superimposed with the microscopic image of coating morphology; here the exposure time 
was selected at 0.5μs because both discharge size peak current were consistent with the 
current response signal during the PEO process. As mentioned in the previous section, the 
average speed of the discharge displacement is estimated at about 33.5m/s. 
To compare with discharge size, the FWHM can be represented as a diameter of 
individual discharge. At 0.5μs exposure time, the discharge size varies from 57 to 95μm 
depending on the time stage of the PEO process (figure 7.27). Therefore, tens to hundreds of 
pores can be related to one discharge which lasts half of a microsecond. To combine the 
results with discharge trajectory, the displacement of discharge from frame to frame appears 
to be smaller than the discharge size in most of the situations. Which means that once the 
dielectric breakdown and the discharge occurred, the source emission from the same pores 
can sustain the discharge for around 10μs long. By knowing the average diameter of 
discharge and the speed of the discharge displacement, it can be calculated that the duration 
for an individual discharge event walk through the whole sample surface (tw) is about 0.58 
and 0.97s at early and later stage of the PEO process, and the average is 0.775s. The growth 
rate (Δh) of the PEO coating affected by one time of the discharge event occurred can be 
calculated with the following equation: 
            Δh = hT /( (nd × (tT / tw))                 (7.2) 
were hT is the total coating thickness, nd is the number of discharge events occurred at the 
same time, and tT is the total PEO treatment time. In this work, the duration of the treatment 
time is 20 minutes; the measured coating thickness is 8.1±0.3μm; and the nd is about 50 on 
the whole sample. The Δh is evaluated to be about 0.1nm for the single discharge occurence. 
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Fig. 7.26 Trajectory of individual discharge (capture with 0.5μs exposure time) superposed 
with the coating morphology  
 
Fig. 7.27 Correlation of average discharge size with surface morphology  
Exposure time (s) 
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7.7 Summary 
The characteristics of discharge events have been investigated using SIM camera, 
high-resolution 16 Bit oscilloscopic measurements and a specially developed discharge 
analysis program. The intensity, FWHM, displacement and duration of individual discharge 
events were studied at different time scales and for different stages of the PEO process under 
both fixed and variable camera exposure time conditions.  
The FFT spectrum of current response signal during the PEO process on Al lies in the 
frequency range from 1 to 300 kHz, which is wider than previously considered [97]. Two 
obvious peaks were observed at 2~7 and 20~30 kHz, which may be due to the discharge 
clustering and the dielectric breakdown, respectively. These conjectures can also explain why 
the peaks are more obvious in the later stage of the PEO process.  
The discharge lifetime evaluated by both high speed imaging and oscilloscopic 
measurements is around 10μs which is shorter than previously reported. Integrated optical 
intensity was calculated as a product of the peak intensity and the FWHM of discharge events. 
Moreover, the sum of FWHM for all discharges identified on the sample surface in each 
individual frame was used to evaluate the peak event current and compared with the fast 
current transients. The difference between these two results may be due to the way the 
integrated optical intensity was calculated and the nature of light emission process 
 The trajectory of discharge displacement was found to be random, with average speed 
around 33.5m/s. The average displacement range is about 200μm around the original location 
for all studied exposure times. A correlation of average discharge size with coating 
morphology was also considered, which means that once the dielectric breakdown and the 
discharge occurred, the emission source from the same pores can sustain the discharge for 
around 10μs long. The growth rate of coating thickness increment due to the single discharge 
event is estimated to be about 0.1nm in this work. 
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Chapter 8 
Conclusions and future work 
8.1 Conclusions 
The PEO process was investigated and modeled using the ISIS method in conjunction 
with other techniques. The COMSOL Mutiphysics package was used to understand the  
electric field distribution and electrolyte resistance in the electrolyser. Ex-situ EIS analysis 
was employed for impedance spectra comparison with ISIS results; fractal analysis was used 
to reveal the effects of coating morphology on the impedance spectrum. Also, a Specialized 
Imaging Multi-channel (SIM) framing camera was used for real-time observation of 
individual discharge events; and FFT analysis of high-resolution current signals - for studying 
their collective behaviour. These studies have resulted in the following overall conclusions:  
8.1.1 Impedance characteristics of PEO process  
ISIS experiments revealed several phenomena occurring during the PEO process, which 
can be attributed to: (1) the charge transfer through the gas/solution interface (plasma sheath) 
of plasma bubbles; (2) the thermal effects with the coatings; (3) the charge transfer through 
the fine porous layer of the PEO coating; (4) the process in the positive column (plasma); and 
(5) the charge transfer through the barrier layer at the bottom of the discharge channel.  
Comparison with ex-situ EIS spectra has demonstrated that the total impedance is much 
higher for the ex-situ impedance spectra than for the in-situ ones, which provides evidence of 
the effects of the discharge on the formation of PEO coatings. This difference is even more 
obvious under the low electrolyte conductivity conditions. The results also indicate that the 
effect of the discharge is strongly influenced by the coating thickness, and appears to be 
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stronger for the thinner coatings. These observations confirm that ISIS method is a useful tool 
to study and understand the PEO process.   
 8.1.2 Effects of electric field distribution on the PEO process 
Results of the studies into effects of electric field distribution in the PEO electrolyser 
have demonstrated that the largest net electrolyte resistance occurred in the parallel electric 
field conditions, and is about 7 and 2.5 times larger than those for converging and diverging 
electric field types, respectively. There is a relatively high net electrolyte resistance in the 
equidistant electrode layout than the non-equidistant one. These results are consistent with 
the current density evolution during the PEO treatment. 
The largest impedance was observed under the diverging electric field conditions while 
the smallest one is occurred in the converging one. Moreover, relatively large impedance was 
present in the cells with equidistant electrode layouts for all electric field conditions. Two 
types of equivalent circuits were developed to fit the ISIS spectra for converging and 
parallel/diverging conditions. In the latter, the loop used to interpret the behaviour of the 
positive column was missing in both converging electric field conditions, and were displaced 
by a loop used to interpret the behaviour of charge transfer through the fine porous layer of 
PEO coatings. These results are consistent with the cross-sectional morphology of the PEO 
coatings. 
Studies of the electric field effects on coating characteristics indicate that (1) the 
difference in the thickness of PEO coatings produced under all parallel and diverging electric 
fields conditions is negligible; this is however significant for the converging field. (2) The 
coating porosity is similar for all conditions, ranging from 3.5 ~ 4.5 %. (3) Surface roughness 
was found to be about 1.5 to 2 times higher for the coatings produced in the converging 
electric field, whereas the interfacial roughness is similar for all coatings (~4μm). From this 
work, it follows that the electric field distribution and the electrode layout are important 
parameters affecting thickness and morphology of PEO coatings.  
8.1.3 Effects of electrolyte characteristics on the PEO process 
Studies into effects of electrolyte characteristics on the PEO process have shown that the 
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discharge density is reduced in the electrolytes with (1) low temperature, (2) low conductivity, 
and (3) thick pre-formed coating. No sparking could be observed when all these conditions 
are combined. 
The differences in the ISIS spectra clearly reflect the effects of pre-formed coating 
thickness, whereas the effects of electrolyte temperature and conductivity are less obvious 
and negligible, respectively. Strong diffusion effect was observed in the impedance spectra 
obtained in lower conductivity electrolyte and on thicker coatings, while the effects of the 
double layer were much stronger at a higher electrolyte conductivity and at a thinner coating. 
Thus, the behaviour of double layer and diffusion during the PEO process can be controlled 
via the temperature of the electrolyte.      
8.1.4 Effects of electrolyte characteristics on impedance spectra of the PEO process 
It was established that for converging field conditions, both heterogeneous coating 
morphology and non-uniform electric field contribute significantly to the impedance spectra 
of the PEO process, for the parallel field conditions, the impedance is mainly affected by the 
heterogeneous coating morphology, and for the diverging field conditions the impedance is 
affected only by the coating morphology. 
A relatively strong correlation was found between the CPE-P value in the equivalent 
circuit used to fit the ISIS data and the coating thickness, whereas both the CPE-P value and 
the coating morphology as defined by the fractal dimension presented weak correlations with 
surface roughness and no correlations with interfacial roughness and porosity. The electric 
field distribution has also a strong correlation with the CPE-P value, and weak correlation 
with the coating morphology. Importantly, this clarifies the effects of coating morphology and 
electric field distribution on the impedance of PEO process. 
8.1.5 Characterisation of discharge events during the PEO process. 
The discharge lifetime has been evaluated to be around 10μs which is shorter than 
previously reported. This is consistent with the FFT spectrum of the current response signal 
during the PEO process on Al, which lies in the frequency range from 1 to 300 kHz, also 
wider than previously reported. The trajectory of discharge displacement was found to be 
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random, with average speed around 33.5m/s. The average displacement range is about 200μm 
around the original location under all various exposure time. The mean coating thickness 
increment due to the single discharge event has been estimated to be about 0.1nm. 
8.2 Future work 
Discharge phenomena occurring during the PEO process are governed by complex 
mechanisms and are difficult to study unless different research methods are applied conjointly. 
From the results of this work, effects of electric field distribution, electrolyte characteristics, 
coating morphology and behavior of discharge events have become clearer. However, to 
completely understand the characteristics of the PEO process, the investigation needs to 
continue with different experimental designs involving other research methods and 
instruments. Existing research methods can also be improved and extended. Moreover, some 
of the results obtained this work would benefit from additional verification. 
8.2.1 In the short-term future, the following studies could be carried out:  
 New experiments are required to support physical interpretation of some loops in 
the equivalent circuits. For example, different viscosity or volatility of the 
electrolyte may change the characteristics of the plasma bubble on the working 
electrode during the PEO process.  
 Investigate the effects of electrolyte characteristics under different types of 
electric field, and also using electrolytes with different cationic composition e.g. 
including Ca2+ and Al3+ on other metals. 
 A more careful investigation of the contribution of coating morphology into CPE 
values is required to enhance the statistical significance of data. 
 Investigate the effects of shapes of working electrodes, composition of electrolyte 
and different treatment duration on discharge characteristics and coating 
morphology, combining UHSI, in-situ and ex-situ EIS methods. 
 It is worth investigating the effects of discharge characteristics on coating 
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morphology under different PEO treatment conditions, such as various electrolyte 
composition and different substrate materials. 
8.2.2 For the long-term research plan: 
 The COMSOL-Multiphysics modelling package is a powerful modelling 
software which should be used for more complex modelling, including oxide 
coating formation during PEO process with chemical reaction under plasma 
electrolysis, breakdown phenomena, growth rate, and effects of working 
electrode shapes.  
 Investigate the possibility of achieving specific coating characteristics, e.g. 
uniform coating thickness on complex-shape substrates by incorporating the ISIS 
technique into the PEO process control module. 
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